


 
 

ABSTRACT 

 Converting Plastic Waste Into Graphene and Materials for Carbon 
Dioxide Capture 

by 

Wala Algozeeb 

Plastic waste (PW) is becoming one of the greatest environmental challenges 

of the 21st century. Due to the low cost of plastic production, it is extremely 

challenging to find an economical PW recycling method, making landfilling the least 

expensive way to deal with PW. Plastic, when landfilled, undergoes photochemical 

degradation producing microplastics, that potentially have deleterious health effects. 

In this work, two technologies are studied for PW upcycling. Chapter 1 discusses a 

flash Joule heating (FJH) approach, which relies on a millisecond electric pulse to 

convert PW to high quality graphene. The process is solvent free and highly efficient, 

leading to the production of high-quality graphene that is superior to current 

graphene offered on the market. The utility of this PW-derived graphene is 

demonstrated in industries that use cement or concrete.  Chapter 2 discusses a 

process that is a modification of current PW pyrolysis recycling approaches to 

produce microporous CO2 sorbent that is effective for CO2 separation from flue gas at 

a low cost when compared to existing technologies. This PW process results in the 

production of valuable byproducts that are characterized and evaluated. The utility 

of this technology was demonstrated using common single use packing PW, 

construction PW and textile PW. 
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Chapter 1 

Synthesis and Large-Scale 
Applications of Flash Graphene 

This subchapter  was entirely copied from reference 1. 

Most bulk-scale graphene is produced by a top-down approach, exfoliating 

graphite, which often requires large amounts of solvent with high-energy mixing, 

shearing, sonication or electrochemical treatment.2-4 Although chemical oxidation of 

graphite to graphene oxide promotes exfoliation, it requires harsh oxidants and 

leaves the graphene with a defective perforated structure after the subsequent 

reduction step.4, 5 Bottom-up synthesis of high-quality graphene is often restricted to 

ultrasmall amounts if performed by chemical vapour deposition or advanced 

synthetic organic methods, or it provides a defect-ridden structure if carried out in 

bulk solution.5-7 Here we show that flash Joule heating of inexpensive carbon 

sources—such as coal, petroleum coke, biochar, carbon black, discarded food, rubber 

tyres and mixed plastic waste—can afford gram-scale quantities of graphene in less 



 
2 

than one second. The product, named flash graphene (FG) after the process used to 

produce it, shows turbostratic arrangement (that is, little order) between the stacked 

graphene layers. FG synthesis uses no furnace and no solvents or reactive gases. 

Yields depend on the carbon content of the source; when using a high-carbon source, 

such as carbon black, anthracitic coal or calcined coke, yields can range from 80 to 90 

percent with carbon purity greater than 99 percent. No purification steps are 

necessary. Raman spectroscopy analysis shows a low-intensity or absent D band for 

FG, indicating that FG has among the lowest defect concentrations reported so far for 

graphene, and confirms the turbostratic stacking of FG, which is clearly distinguished 

from turbostratic graphite. The disordered orientation of FG layers facilitates its 

rapid exfoliation upon mixing during composite formation. The electric energy cost 

for FG synthesis is only about 7.2 kilojoules per gram, which could render FG suitable 

for use in bulk composites of plastic, metals, plywood, concrete and other building 

materials. 

1.1. Gram-scale bottom-up synthesis of flash graphene  

1.1.1. Brief description of the flashing procedure  

In the flash Joule heating (FJH) process, amorphous conductive carbon powder 

is lightly compressed inside a quartz or ceramic tube between two electrodes as 

shown in Figure 1.1. The system can be at atmospheric pressure, or under a mild 

vacuum (~10 mm Hg) to facilitate outgassing. The electrodes can be copper, graphite 

or any conductive refractory material, and they fit loosely into the quartz tube to 
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permit outgassing upon FJH. High-voltage electric discharge from a capacitor bank 

brings the carbon source to temperatures higher than 3,000 K in less than 100 ms, 

effectively converting the amorphous carbon into turbostratic FG as shown in Figure 

1.2a.  

 

 

Figure 1.1 (a) Electrical schematic of the FJH system. (b) Photograph of the 
system set up on a plastic cart. (c) The sample holder that is made from a small 
commercial vise (Amazon) and laser cut wooden parts. The loosely fitting (to 
permit gas escape during flashing) brass screws act as two electrodes that 
contact the copper wool plugs (or graphite disks) that touch the desired carbon 
source. Red rubber stoppers provide gradual compressing of the sample while 
the vice is compressed to increase the conductivity of the sample. Caliper width 
is 5 cm.  
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1.1.2. Characterization of flash graphene from different carbon sources  

In high-resolution transmission electron microscopy (HR-TEM) analysis 

(Figure 1.2b and c), the misoriented layers of FG exhibit the expected Moiré patterns, 

whereas FG derived from spent coffee grounds also shows hexagonal single-layer 

graphene (Figure 1.2d). High-quality graphene can be quickly identified by Raman 

spectroscopy.8-11 FG from carbon black (CB-FG) has an intense 2D peak. As seen in the 

Raman mapping of CB-FG in Figure 1.2e, the intensity of the 2D band relative to the G 

band (I2D/G) is greater than 10 in many locations. The extremely low intensity of the 

D band indicates the low defect concentration of these FG products, which contributes 

to the amplification of the 2D band. Thus, the unusually high I2D/G = 17 (Figure 1.2) of 

CB-FG is the highest value reported so far for any form of graphene and is probably 

an outcome of the extreme temperature reached in the flash process, which outgasses 

non-carbon elements from the system. Additionally, Raman spectra of FG has two 

peaks TS1 and TS2 at ~1,886 cm−1 and ~2,031 cm−1, respectively, confirming the 

turbostratic nature of FG,12, 13 which is discussed extensively in 1.1.2.1 Raman 

characterization of turbostratic graphene 

The X-ray diffraction (XRD) pattern of FG shows a well-defined (002) peak 

indicating successful graphitization of the amorphous carbon. The (002) peak of FG 

occurs at diffraction angle 2θ = 26.1°, which corresponds to an interlayer spacing 

of Ic = 3.45 Å. This spacing is larger than that in a typical Bernal (AB-stacked) 

graphite, 3.37 Å, indicating the expanded and turbostratic structure of FG. The (002) 

peak was found to be unsymmetric, with a tail at small angles, which further suggests 
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the turbostratic nature of FG.14 The flash process is fast2wz enough to prevent AB 

stacking. CB-FG has a surface area of ~295 m2 g−1 with pore size <9 nm, as measured 

by Brunauer–Emmett–Teller analysis (Figure 1.3).  
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Figure 1.2 (a)  Schematic of the FJH process, and plot of the temperature rise 
versus time during flashing (inset). (b–d), HR-TEM image of CB-FG on top of a 
single layer of coffee-derived FG. e, Characterization results, including Raman 
spectra (showing the best and the mean obtained spectra), XRD spectra and 
TEM images for FG derived from various carbon sources . The coffee-derived FG 
is made from used coffee grounds; the smaller graphene particles within large 
graphene sheets come from the carbon black conductive additive. Each pixel in 
the Raman mapping is 4 μm2 using a 50× magnification. All Raman samples 
were prepared from the powdered product after FJH; the samples were not 
exposed to the solvent before Raman analysis. Coffee is about 40% carbon, so 
the yield based on the starting carbon content is ~85%. The sample size for the 
mean Raman spectrum is 10. 

 

Figure 1.3 (a) Isotherm and (b) BET surface area fitting of CB-FG. (c)-(d). 
Absorption and desorption pore size distribution.  
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Calcined petroleum coke (CPC) also works well for conversion to CPC-FG 

(Figure 1.2e,Table 1.1) which has a similar nanostructure to that of CB-FG. Together 

with carbon black, CPC is listed as a non-graphitized carbon source (see 1.1.2.2 Flash 

graphene morphology).15 The average size of CB-FG and CPC-FG is ~13 nm and 

~17 nm, respectively (Figure 1.4 and Figure 1.5). The yield of the FJH process is as 

high as 80% to 90% from high-carbon sources such as carbon black, calcine coke or 

anthracite coal, and the electric energy needed for their conversion is ~7.2 kJ g−1, 

calculated using Equation 1.1. With 100 mg batch, a bank of capacitors with 

capacitance of 60 mF discharge from 220 V – 150 V, then 

𝐸 =  
(𝑉 2 − 𝑉2

2) × 𝐶
2 × 𝑀

= 7.2 𝑘𝐽 ∙ 𝑔−  

Equation 1.1 Energy discharge upon flashing materials 

Where E is energy per gram, V1 and V2 is the voltage before and after flash, 

respectively, and C is capacitance and M is the mass per batch 

In the case of coffee grounds, the used grounds were mixed with 5 wt% carbon 

black to increase its conductivity—alternatively, we could use 2–5 wt% FG from a 

previous run as the conductive additive. Coffee grounds, being predominantly 

carbohydrate, are ~40% carbon. Hence, the yield of graphene of ~35% (Figure 1.2e) 

would be ~85% conversion of the coffee carbon content into graphene, whereas the 

heteroatoms sublime out at these reaction temperatures (>3,000 K). Anthracite can 

be sufficiently conductive to be used in the FJH reactor, but better results were 
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obtained by adding 5 wt% carbon black. Although a black FG powder is produced 

regardless of the starting material, FG from graphitizing carbons—such as from used 

coffee grounds (C-FG) and anthracite coal (A-FG) (see 1.1.2.2 Flash graphene 

morphology for definitions of graphitizing and non-graphitizing carbons)—has 

different morphologies from CB-FG. Graphitizing carbons produce larger graphene 

sheets (Figure 1.8). XRD analysis of C-FG shows, in addition to the dominant (002) 

peak at 26.0°, a sharp (100) peak at 2θ = 42.5°, which is associated with the in-plane 

interatomic spacing (Figure 1.2e). The narrow full width at half-maximum of the 

(100) peak suggests larger in-plane sheet sizes relative to FG formed from some of 

the other starting materials. HR-TEM reveals folded graphene sheets in A-FG and C-

FG (Figure 1.2e) with an average size of 0.5 μm and 1.2 μm (Figure 1.6), respectively, 

similar to the size of graphene sheet obtained by exfoliation of graphite. Selected-area 

electron diffraction measurements on these samples show both monolayer and 

turbostratic graphene (Figure 1.7, Figure 1.8, and Figure 1.9). 

 

        

Starting 
Material  

 

Weight  
(mg) 

 

Tube  
(mm) 

 

Capacitanc
e  

(mF) 
 

Resista
nce  
(Ω) 

Voltage  
Pretreat
ment (V) 
Flash (V)  

Duration  
(ms) 

Result  
Material 

Carbon 
black  
(Black 
Pearls 

30 4 60 1.5 35 V x 5 
110 V 

500 
50 

CB-FG 
(highest 

I2D/G) 
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2000, 
Cabot) 

Carbon 
black  
(Black 
Pearls 
2000, 
Cabot) 

120 8 60 1 60 V x 5 
220 V 

500 
500 

CB-FG 
(plastic 
compou
nding) 

Carbon 
black  
(Black 
Pearls 
2000, 
Cabot) 

1200 15 220 1.5 100 V x 5 
250 V 

500 
500 

CB-FG 
(1.1 g 
batch) 

Used 
coffee 

grounds
/ CB 
(5%) 

(Starbuc
ks and 

Folgers) 

1000 10 220 1000-
3000 

150 V x 3 10000 
 

Charred 
coffee 

grounds 

Charred 
coffee 

grounds 

50 4 60 5-10 40 V x 5 
130 V 

50 C-FG 

Anthraci
tic coal 
(Fisher 

Scientific 
S98806) 

80 4 60 2000-
3000 

150 V 10000 Anthraci
te-

derived 
FG  

Calcine 
coke 

(Oxbow 
Calcinin

g 

80 4 60 0.8 80 V x 5 
175 V  

100 
500 

Calcined 
coke-

derived 
FG 
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Internati
onal, 
CPC 

1400) 

Table 1.1 FJH parameters for various materials in Figure 1.1. Duration is the 
switch opening time, not the real flash duration. Blue colors in the voltage row 
signify pre-treatment without a flash, red colors signify an actual flash during 
the FG synthesis. The pre-treatment is to partially char the material to reduce 
the volatile material and increase the conductivity. The charring process 
affords only amorphous material by Raman analysis. This pre-treatment is 
crucial for starting materials with low carbon content. This pre-charring can be 
obviated with a beneficiation material wherein there is a pre-heat cycle since 
industrial heating is less expensive than using electricity when heating below 
certain temperatures.  And we also list a beneficiation material, rubber tire-
derived carbon black, where the volatiles were industrially removed, leaving a 
carbon residue (see the rubber materials section).   
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Figure 1.4 Size distribution of CB-FG and CPC-FG. (a) HR-TEM image of CB-FG. 
(b) Histogram for size distribution of CB-FG. (c) HR-TEM image of CPC-FG. (d) 
Histogram for size distribution of CPC-FG.  
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Figure 1.5 AFM characterization of carbon black-derived FG. CB-FG is dispersed 
in N-methyl-2-pyrrolidone (NMP) solution and deposited onto a silicone 
substrate. The individual CB-FG particles as seen from Supplementary Fig. 5 lay 
on the surface with height of ~ 1.2 nm that result from FLG. 
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Figure 1.6 Size distribution of anthracite- and coffee-derived FG. (a) HR-TEM 
image of A-FG. (b) Histogram for size distribution of A-FG. (c) HR-TEM image of 
C-FG. (d) Histogram for size distribution of C-FG.  
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Figure 1.7 TEM images of single layer of graphene from (a) C-FG and (b) A-FG. 
The CB-FG has some polyhedral graphene that could also come from the CB 
dopant used to increase the conductivity for FJH.   
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Figure 1.8 SAED of anthracite-derived FG. (a) TEM image of a A-FG flake and the 
position for SAED. (b) SAED of the few-layer graphene position that shows 
misalignment between layers. (c-d) SAED of SLG that correlates with SLG in 
previous studies.16, 17 
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Figure 1.9 SAED of coffee-derived FG. (a) TEM image of a C-FG flake and the 
position for SAED. (b) SAED of the few-layer graphene position that show 
misalignment between layers. (c-d) SAED of a SLG that correlates with SLG in 
previous studies.16, 17 

Other carbons that are abundant, renewable or waste-sourced can be used, 

such as charcoal, biochar, humic acid, keratin (human hair), lignin, sucrose, starch, 

pine bark, olive oil soot, cabbage, coconut, pistachio shells, potato skins, rubber tyres 

and mixed plastic (Figure 1.10, Table 1.2), including polyethylene terephthalate (PET 

or PETE), high- or low-density polyethylene, polyvinyl chloride, polypropylene and 
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polyacrylonitrile. When converting synthetic polymers into FG, the non-carbon atoms 

sublime out as small molecules, leading to a very-high-carbon-content product, as 

shown here. However, polymer and rubber depolymerization can also ensue to afford 

oligomers that sublime before conversion; therefore, it is more economical to use a 

pyrolysis product where the volatiles are first industrially removed for fuel sources18 

and the residual carbon is converted into FG. This was demonstrated here with 

rubber-tyre-derived carbon black (Figure 1.1, Table 1.2). None of these FG processes 

was optimized. Optimization was performed only on CB-FG, as described below. 

Additionally, optimization of high-quality FG production from plastic waste is 

described in 1.2 Flash Graphene from Plastic Waste. The FJH process can provide a 

facile route to convert these waste products into FG, a potential high-value building-

composite additive.19-22 
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Figure 1.10  Representative Raman spectra of FG derived from other carbon 
sources. None of these have been optimized for FJH conditions to maximize the 
graphene quality.  Biochar was sufficiently conductive; it needed no additive.  
All other non-plastic samples had 5 to 10 wt% CB added to increase their 
conductivities.  All plastic samples had 5 wt% CB added to increase their 
conductivities. Or 2 to 5 wt% of FG from a previous run can be used to substitute 
the CB as the conductive additive, but those spectra are not shown here.  #7 
plastic, “OTHER”, is polyacrylonitrile (PAN). Mixed plastic was made from the 
following wt% of polymers: HDPE 40%, PETE 40%, PP 10%, PVC 10%.  
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Material Supplier  

Biochar Neroval LLC, from mixed 
Tennessee hardwoods, 

commercially prepared at 
1100°C 

Charcoal Sigma CAS: 7440-44-0 

Humic acid Sigma CAS: 1415-93-6 

Lignin Sigma CAS: 8068-05-1 

Sucrose Sigma CAS: 57-50-1 

Starch Argo gluten free 

PAN Sigma CAS: 25014-41-9 

Rubber tire-derived carbon 
black 

Ergon Asphalt and Emulsion 
Inc. 

  

Table 1.2 Precursor sources for Figure 1.10 Pine bark, olive oil soot, cabbage, 
keratin from human hair, coconut, pistachio shells, potato skins, PETE, HDPE, 
PVC, LDPE, PP, and PS were collected as waste products, so they were not 
purchased 
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1.1.2.1. Raman characterization of turbostratic graphene  

While graphene is often depicted as a single sheet of carbon, it occurs as a 

single isolated sheet only in specialized laboratory conditions.  In any substantial 

production method such as we are reporting here, graphene will appear in the form 

of aggregates.  The pioneers in this field have defined graphene as a 2-D material, in 

contrast to carbon nanotubes as a 1-D material and graphite as a 3-D material.10, 23-25 

When the sp2-carbon sheets within these aggregates retain the electronic structure 

of a 2-D rather than 3-D material, then a descriptive adjective is used as a prefix, such 

as bilayer graphene, few-layer graphene, N-layer graphene.  If AB-stacked (Bernal), 

then graphene is the term used when there are <10-layers since there are distinct 

physical properties, relative to graphite, at <10 layers.  Only at >9 layers, do graphite-

like property ensue and only if the adjacent sheets are AB-stacked.26  When randomly 

oriented layering occurs rather than AB-stacked as in the case of FG, several different 

adjectives are used with the same meaning, such as: misoriented,25 twisted,27 

rotated,28 rotationally faulted,13, 29 weakly coupled,30 and turbostratic.31  In spite of the 

varied terminology, there is agreement among many authors that in these cases, the 

individual layers retain their 2-D properties when randomly stacked.  Hence, the use 

of the term "graphene" for such stacking is supported in the scientific literature, even 

when there are many layers.8 As we will show, the Raman spectrum provides a direct 

monitor for the electronic structure and is also unambiguous in identifying the 2-D 

nature of these aggregates. 
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It is not the physical dimensions or the number of atomic layers but rather the 

properties, especially electronic properties that constitute a 2-D material.  Graphene 

is characterized by a 2-D gas of dirac fermions.32 A 2-D material is that which is highly 

anisotropic in electron mobility, just as carbon nanotubes are a 1-D material because 

high mobility in one direction.  For graphene, the mobilities are ballistic in the x-y 

plane, but when stacked, the c-axis mobility is very much smaller.  And turbostratic 

graphene has the greatest anisotropy of all, and even for multiple layers, it remains 

fully 2D with ballistic mobility in two dimensions, and many orders of magnitude 

lower conductivity in the third dimension. 

Experimental measurements by Kim et al. demonstrate that the extremely 

large anisotropy between ballistic electrons in plane and those trying to cross 

between layers is retained when the graphene sheets are stacked in a twisted 

manner.28  They report ~10-3 ohm-meter resistivity for highly ordered pyrolytic 

graphite (HOPG) which is ~5 orders of magnitude higher resistivity than copper and 

the interlayer resistivity is again 4 orders of magnitude larger.  The in-plane transport 

for turbostratic graphene remains ballistic for the electrons.  Turbostratic graphene, 

even with many layers, is truly a 2-D material whereby electrons move with complete 

freedom like a massless Fermi gas in two dimensions but are, in effect, unable to move 

perpendicular to the layering.  It is rare to find any other material that is so purely 2D 

as multilayer turbostratic graphene. 

Raman spectroscopy has become the standard as a diagnostic of graphene; 

that tool appears in almost every experimental study.8-11, 13, 28, 29, 33, 34  And that is 
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because it is a direct probe of the electronic band structure of the graphene, which in 

turn plays a central role in the unique character of this 2-D material.   

The D-peak of turbostratic graphite is much larger than both the G-peak and 

the 2D peak, which is opposite for an optimized sample of FG which has a D-peak that 

is very much smaller than the G-peak, which in turn is smaller than the 2D peak.35  

Raman spectroscopy is a probe of the vibrational motions of the atomic structure, 

hence the huge D-peak proves that the individual graphene lattice is very disrupted 

in turbostratic graphite.  It is profoundly disordered on the nanoscale.  It can no more 

be restored to a 2-D graphene material.  Researchers have lamented the slow 

development of the field of research into the very promising area of turbostratic 

graphene due to the difficulty of obtaining the material.29, 31  Turbostratic graphene 

was only produced in trace amounts (by weight) by CVD or epitaxial growth. And 

even growth under these carefully controlled growth conditions, it does not assure 

that the material will be turbostratic.  One group that attempted a thickness of 10-

layer turbostratic graphene using CVD on nickel foil obtained varying results, 

sometimes AB-stacked, sometimes turbostratic, and sometimes a mixture of the 

two.13  Even this recently developed process to multilayer growth of turbostratic 

graphene has been difficult to make reliable.  

Several authors have reported that for AB-stacked graphene, the 2-D 

properties of single-layer graphene (SLG) or few-layer graphene (FLG) gradually 

transition to 3-D material with the Raman spectra evolving into that characteristic of 

HOPG at about 10 layers.25, 32  However, this rule of thumb does not apply to 
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turbostratic graphene because the individual layers are weakly coupled, so they 

retain the 2-D character independent of the number of stacked layers.13, 28  The 2D 

peak retains its narrow Lorentzian lineshape, and no additional states are introduced 

to the Dirac cone at the K-point.  Hence the Raman scattering for the 2D peak remains 

a single peak that is doubly resonance enhanced, giving rise to its strong 

enhancement.  And it remains a zero-band gap semiconductor. In contrast, when two 

layers are AB-stacked, the strong coupling creates additional states with a parabolic 

shape around the K-point, which allows for more transitions.  The 2D peak becomes 

a sum of four Lorentizians, two strong and two weak, and it substantially broadens 

while losing its Lorentzian line shape. Several authors have studied rotationally 

misoriented graphene, some by the method of folding a single sheet, which 

guarantees misalignment.  As a result of the poor overlap of the 2p atomic orbitals, 

the two sheets retain their SLG characteristics.13, 28, 31   

The presence or absence of certain relative weak Raman combination bands 

are positive indicators for the occurrence of turbostratic graphene: “Combination 

Raman modes of as-grown graphene within the frequency range of 1650 cm−1 to 2300 

cm−1, along with features of the Raman 2D mode, were employed as signatures of 

turbostratic graphene.” There is a “combination of in-plane transverse acoustic (iTA) 

and the longitudinal optic (LO), iTA and longitudinal acoustic (LA) and LO + LA 

modes. Here, we designate the iTALO− mode as TS1 and the iTOLA/LOLA modes as 

TS2.31 We will use the designations of TS1 and TS2 to indicate these two features that 

are Raman active only for SLG and turbostratic graphene.  TS1 is a single Lorentzian 

that occurs in the vicinity of 1880 cm-1 and TS2 consists of two closely space 
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Lorentzians that occurs in the vicinity of 2030 cm-1; however, it must be kept in mind 

that these lines exhibit dispersion, like many Raman features in graphene.  The 

excitation wavelength must always be noted, and dispersion corrections applied 

when comparing the peak frequencies. In addition, the "M" band occurs about 1750 

cm-1 but this combination band becomes silent for turbostratic graphene.  Hence the 

presence of the M band is a negative indicator for turbostratic graphene, and a 

positive indicator for AB-stacked graphene as well as HOPG as shown in Figure 1.11.   

 

 

Figure 1.11 Turbostratic peaks in the Raman spectrum of CB-FG. IG/TS1 ~30. 
Lorentzian fit is shown as a superimposed smooth line.  The R-squared is 0.994 
for TS1 and 0.99 for TS2.  These excellent fits indicate the high quality of the FG 
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and the unmistakable presence of these Raman lines are attributable to 
turbostratic graphene.   

The narrow, single Lorentzian 2D peak can occur only for either SLG or 

turbostratic graphene whereby the adjacent layers are decoupled and do not give rise 

to additional electronic states.  This in turn means that it remains perfectly 2-

dimensional, even though there are many layers of graphene stacked.  For the best 

example on the left of Figure 1.12, the Lorentzian full-width-at-half-maximum 

(FWHM) has actually become narrower than for the perfect SLG.  This narrowing is a 

unique feature of rotationally misaligned graphene that is stacked and only occurs for 

turbostratic graphene, as describe below relative to other reports. We have observed 

2D peaks as narrow as 15 cm-1, which occurs only for multiple layers of turbostratic 

graphene.  The much broader band is for a Bernal bilayer, which is a sum of four peaks 

and is clearly non-Lorentzian. 
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Figure 1.12 2D peak in the Raman spectrum of CB-FG. Left: best point in CB-FG, 
right: representative point in CB-FG. Both peaks exhibit nearly a perfect 
Lorentzian line shape.  The black dots are the theoretical line shape.  The R2 for 
the correlation is 0.999 for both peaks.  This is indicative of a fully conical Dirac 
cone at the K-point. The exceptionally large I2D/G is also indicative of multilayer 
turbostratic graphene, as several researchers point to an increasing I2D/G.28, 31   

Comparing CB-FG spectra with data from two different references, the 

locations and FWHM of the two TS (turbostratic) peaks are essentially identical in 

both cases as shown in Table 1.1.  The location of the 2D peak is also the same, with 

the CB-FG Lorentzian matching the narrower FWHM in that from Garlow et al. We 

have observed 2D peaks as narrow as 15 cm-1, which occurs only for multiple layers 

of turbostratic graphene.  Comparing to Niilisk et al., which has up to 6 layers of 

turbostratic graphene, again there is a near identical match with the TS1 and TS2 

peaks both in frequency and width.  And for both references and our CB-FG, the M-

peak which is characteristic of both AB-stacked graphene and HOPG, is absent.  

Therefore, there are several precise and redundant spectral feature alignments 

between the turbostratic CB-FG Raman data and two references that have obtained 

Raman spectra from proven turbostratic graphene.  In addition, the narrowing of the 

2D Lorentzian FWHM is further support of the turbostratic stacking as a 2-D material.  

       

Reference  2D  
Position  

2D 
FWHM 

TS1 
Position  

TS1  
FWHM 

TS2 
Position  

TS2 
FWHM 

Niilisk et 
al.13 

2697 36 1886 34 2030 54 
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Garlow et 
al.31 

2702 27 1884 38 2031 51 

CB-FG 2699 15-26 1886 34 2031 53 

Niilisk et 
al.13 

2697 36 1886 34 2030 54 

Table 1.3 Comparison of 2D, TS1 and TS2 peak with previous studies. The peak 
position from previous studies that used 514 nm excitation laser are corrected 
to match the 532 nm excitation laser in this study.  

Interestingly, not all edges behave as defects; hence they will not always 

display a D-band.  For the zigzag edge, the phonon that gives rise to the D-band 

remains silent.  Since the zigzag edge is the most probable edge for freely growing 

graphene then that phonon for the edges can remain silent, thus the D-band remains 

very small as observed. This was experimentally verified when Yan et al. did a 

thorough Raman map of their large hexagonal single-crystal graphene and the D-band 

remained very small at the edges.36 

1.1.2.2. Flash graphene morphology  

Most organic compounds will graphitize when annealed at elevated 

temperature. During the graphitization process, an organic material is heated, 

increasing carbon content via pyrolysis. During pyrolysis, the carbon forms sp2-

hybridized covalent bonds with neighboring carbon atoms and crystallizes into 

layered domains of graphite. Non-carbon elements volatilize at the extreme 

temperatures. However, the structure of graphitized material largely depends upon 
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the method of preparation as well as the starting material. Some of the earliest work 

to critically comment on the various morphologies of carbon graphitization was that 

of Rosalind Franklin,15 which studied morphologies purely by means of x-ray 

diffraction and density measurements. It was noted that after heating several non-

graphitic carbons to temperature between 1700 and 3000 °C, layers of sp2-hybridized 

carbon would orient into relatively dense crystalline graphite. These were termed 

graphitizing carbons. Other carbon starting materials would form porous graphite-

like layers in parallel groups when annealed, without extended stacking along the c-

axis. These were termed as non-graphitizing carbons.  

With the advent of atomic resolution microscopy techniques, the structure of 

graphitizing and non-graphitizing carbons could be visualized to further reveal their 

morphologies. High resolution TEM images have shown that non-graphitizing 

carbons, such as polyvinylidene chloride and carbon black, may form closed carbon 

nanoparticles which are fullerene-like in structure,37 and resemble the simulated 

structure of flash graphene reported in Figure 3d of the manuscript. These particles 

are characterized by lattice fringes along all sides, which suggest a 3-D fullerene-like 

structure. Work by Iijima reveals that graphitized carbon black can form fullerene-

like polyhedra of carbon which are single to few layers in thickness.38 These were 

named graphene polyhedra. These structures are characterized by angles of ~ 120 ± 

20o along the edge of the graphene polyhedra and suggest the presence of some 5-7 

member rings required for bending.   Later, Dresselhaus et al. observed the real-time 

graphitization of amorphous carbon via Joule heating in a transmission electron 

microscope.39 Of particular interest, formation of graphene polyhedra particles are 
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observed upon Joule heating, with the thickness of the graphitic shell increasing with 

annealing time. Other work by Wang et al. demonstrated that the electro-

graphitization and exfoliation of carbon nanofibers can be afford graphene.40 

However, Raman analysis reveals a relatively poor quality of graphene by 

electrographitization. 

In this work, various morphologies of graphene can be found ranging from 

sheets of graphene to graphene polyhedra, as shown in Figure 1.2e of the manuscript. 

These morphologies largely depend upon the carbon starting material which reflects 

whether the starting material is a graphitizing or non-graphitizing carbon; however, 

unique to the FG process, heating and cooling occurs over the timescale of 

milliseconds. Fast heating and cooling rates prevent the stacking of graphene layers 

to form graphite, and it also prevents the rotational registration of graphene layers 

thus resulting in turbostratic graphene. This gives rise to the exceptional graphene 

quality observed spectroscopically. All carbon sources that were flashed exhibited at 

least some morphologies which are of the graphene polyhedral type. Figure 1 from 

the manuscript shows that flash graphene in this work can have a similar polyhedron 

structure to that mentioned in literature with many edge angles ranging from 109 – 

130°. The polyhedra are commonly composed of <5 layers which constitutes 

classification as FLG. However, some carbon starting materials will also form sheets 

when Joule heated. A summary of our flash graphene morphologies can be found 

inTable 1.4. Though not optimized for all the starting materials, materials such as 

anthracite coal, coffee, biochar, calcined coke, and pine form graphene sheets. This is 

consistent with the finding that that all of our FG carbon sources which form graphene 
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sheets have formerly been classified as graphitizing carbon in literature reports 

(Table 1.4). Hence, the resultant morphology of FG largely depends on the starting 

carbon source. Materials classified as graphitizing carbons, which will readily 

pyrolyze into graphite when thermally annealed, generally result in the partial 

formation of graphene sheets when flashed. Materials classified as graphitizing and 

non-graphitizing carbons all result in the formation of graphene polyhedra during the 

flashing process. This suggests that the rapid heating and cooling rates associated 

with FJH effectively retards further crystallization of the graphene polyhedra into 

graphitic domains, thereby giving rise to unique structures not typically found in 

furnace-heated graphitized material which undergo a relatively slow heating and 

cooling. FG structures are composed of ultra-high purity, low defect material which 

give rise to exceptional Raman signatures, such as a I2D/G ratio of up to 17.  

    

Carbon 
Source 

Graphene 
polyhedra 

Graphene 
sheets 

Pyrolysis morphology in 
references 

Carbon 
black Yes No 

Pyrolysis forms graphene 
polyhedra15, 41 

Calcined 
petroleum 

coke Yes No 
Pyrolysis forms crystalline 

graphite domains15 

Coffee 
grounds 

Some from 
CB 

conductive 
dopant Yes 

Pyrolysis of cellulose and lignin 
forms crystalline graphite 

domains42, 43 



 
32 

Anthracite 
coal 

Some from 
CB dopant Yes 

Pyrolysis forms crystalline 
graphite domains15 

Carbon 
Source 

Graphene 
polyhedra 

Graphene 
sheets 

Pyrolysis morphology in 
references 

Table 1.4. Table reporting the presence of graphene polyhedra or graphene 
sheets when forming flash graphene from each carbon source. Comparison to 
literature shows that graphitizing carbons (which are known to form graphite 
upon pyrolysis) result in formation of graphene sheets. All flashed materials 
exhibit some graphene polyhedral. 

1.1.3. Flash Joule heating parameters  

The graphene I2D/G is optimized by adjusting the sample compression between 

the electrodes (which affects sample conductivity), the capacitor voltage and the 

switching duration to control the temperature and duration of the flash (Figure 1.13a-

g). Increasing the voltage will increase the temperature of the process. The 

temperature is estimated by fitting the black-body radiation spectrum in the 600–

1,100 nm emission). We investigated the quality of CB-FG using Raman spectroscopy 

at low magnification (see 1.1.7 Experimental Method) by varying the time and 

temperature in the FG synthesis process. At <90 V and <3,000 K, FG has a high D peak, 

indicating a defective structure (Figure 1.13 a-c, f). By increasing the voltage output, 

CB-FG is formed at 3,100 K, which has a low number of defects and almost no D band 

in the Raman spectrum. Therefore, 3,000 K is a critical temperature for producing 

higher-quality graphene with a larger I2D/G value. Description of the ultra-fast 

temperature measurement spectrometer is shown in Figure 1.14. 
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By increasing the compression on the sample between the two electrodes, the 

conductivity of the carbon source increases, thus decreasing the discharge time 

(Figure 1.13d, e, g). While maintaining the flash temperature between experimental 

runs at ~3,100 K, a short flash duration of 10 ms results in a higher 2D band, whereas 

a flash of 50–150 ms results in a lower 2D band product (Figure 1.13g). This indicates 

that, given more time, the graphene flakes stack, orient and form more layers, 

lowering the 2D band of the resulting FG. A low cooling rate increases the flash 

duration and decreases the 2D band.39 Therefore, to obtain a high I2D/G, a thin quartz 

tube is chosen to accelerate the radiative cooling rate. Interestingly, although the 

internal temperatures exceed 3,000 K, the external walls of the quartz tubes are only 

warm to the touch (<60 °C) after the flash process. Most of the heat exits as black-

body radiation. 
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Figure 1.13 (a) Raman spectra of CB-FG with increasing flashing voltage (top to 
bottom). (b) I2D/G and ID/G ratios of CB-FG at different flashing voltages. The bars 
represent 1 s.d. (n = 10). (c) Time–temperature graph of CB-FG reacted at 
different temperatures. The temperature is regulated by the flashing voltage. 
(d) Time–temperature graph of CB-FG reacted at different flashing durations. 
The flashing duration is regulated by the sample compression between the 
electrodes, which affects the sample conductivity. The numbers within the plot 
represent cooling rates. (e) Raman spectra of CB-FG at different compression 
ratios. Higher compression provides lower resistance to the sample. (f) Raman 
spectra of the CB-FG samples shown in c. (g) Raman spectra of the CB-FG 
samples shown in d. The 150-ms pulses 1 and 2 have similar duration but 
different cooling rates, as shown in d. All Raman spectra in the figure were 
taken at low magnification (5×) to obtain a mean spectrum of the sample from 
10 spectra. 
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Figure 1.14. Ultrafast temperature measurement. (a) Schematic of the home-
built temperature measurement set up. (b) Black body radiation from the 
sample is collected by an optical fiber through a customized grating black box. 
The spectrum of the radiation populates a 16 pixels photodiode arrays 
(Hamamatsu S4111-16R) at 600 nm to 1100 nm. Light paths are illustrated. The 
reversed bias voltages (9 V) from the photodiode arrays are collected by the 
National Instrument multifunction I/O device PCIe-6320. (c) Black body 
radiation fitting. The temperature from each point of the temperature vs time 
graph is determined by the black body radiation fitting of the spectrum from 
0.6-1.1 µm emission. Inset is spectrum fitting for 3000 K, 3500 K and 2500 K. 

X-ray photoelectron spectroscopy (XPS) analysis shows a considerable 

reduction of elements other than carbon in FG and increases in the sp2 carbon bond 

content (Figure 1.15, Figure 1.16). Carbon has a high sublimation temperature of 

~3,900 K; other elements such as aluminium or silicon volatilize out at out at <3,000 

K.  
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Figure 1.15 XPS of calcined petroleum coke, pre-treated (see main text) coffee 
grounds and carbon black before and after the FJH process. Significant 
reduction in contaminants is seen with FG from carbon black. 
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Figure 1.16 High resolution XPS of the C 1s spectrum from CB-FG and CPC-FG. 
(a) CB. (b) CB-FG. (c) High resolution XPS of C KLL spectrum of CB and CB-FG. 
The D-parameter measures the energy separation between maxima and 
minima in differentiated C KLL spectra. In diamond and graphene, the values 
are 13 eV and 21 eV, respectively. The larger values infer a higher sp2/sp3 
ratio.44 For the CB and CB-FG, the values are 20.5 eV and 20.9 eV, respectively. 
Thus, after the FJH process, the sp2/sp3 ratio increases in going from CB to CB-
FG. (d) Relative distribution of deconvoluted C 1s peak high resolution 
spectrum of CB and CB-FG. Relative distribution of sp2-carbon (C=C) increases 
from 90.9% to 98.6% and the sp3-carbon (C-C) decreases from 4.7 % to 1.4 %. 
Thus, the sp2/sp3 ratio increases after the FJH process, corroberating with the 
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very high 2D/G ratio in the Raman spectra of CB-FG. (e-h) Relative distribution 
of deconvoluted C 1s peak high resolution spectrum of CPC and CPC-FG. The 
sp2/sp3 ratio increases from 7.6 to 25.2 after the FJH process, corroborating 
with the very high 2D/G ratio in the Raman spectra of the CPC-FG.  

Thermogravimetric analysis in air shows that FG products are more 

oxidatively stable than the materials from which they are derived (Figure 1.17) and 

more stable than reduced graphene oxide obtained with Hummer’s method.45 In 

some cases, silicon oxide residues are detected, which come from worn out quartz 

tubes after multiples uses. Previous studies have shown that graphene can be 

synthesized without catalysts at extremely high temperatures.46-48 However, when 

FG is optimized as shown here, it can have exceptionally high quality when the 

reaction time and temperature are controlled. Furthermore, the electric current can 

facilitate the crystallization of graphene.39 Degassing of hydrogen, nitrogen, and 

oxygen during the FJH process might contribute to the formation of large and thin 

graphene sheets in coffee-derived FG because it could prevent stacking of graphene 

layers, thereby permitting further growth.47, 49, 50 
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Figure 1.17 TGA in air of (a) Raw CB (Black Pearls 2000, Cabot) and CB-FG. (b) 
Raw anthracite coal and anthracite-FG. c. Raw calcined coke and CC-FG. d. Pre-
treated coffee and coffee-FG. With carbon black, anthracite coal and coffee, 
there is significant decrease in the final weight between the precursor material 
and the derived FG. XPS of the TGA residue shows that the TGA-residue from 
anthracite-FG contains of C (15%), O 62 %, Si (11%) and Al (12.6%); and 
residue from coffee-FG contains of C (65%), O (25%), S (2.9%) and P (2%). 
Furthermore, the TGA-residue from coffee-FG was analyzed by Raman 
spectroscopy (inset in d) to show that it is significantly graphene.  
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1.1.4. Molecular dynamics simulations of the flashing process  

To assess the mechanism of the rapid FG growth, we employ large-scale 

simulations with the AIREBO30,31 interatomic potential as implemented in the 

LAMMPS package (see Methods).51 Some of the acquired structures are shown in 

Figure 1.18a-d. The low-density materials yield a sponge-like structure (Figure 1.18a) 

during annealing, whereas increased density leads to a high level of graphitization 

(Figure 1.18 c). We note the high level of graphitization in the low-density CB sample, 

where the substantially increased local density is combined with high macroporosity 

(Figure 1.18d). Additionally, the annealing process is quantified by the sp2/sp3 ratio 

during simulation (Figure 1.18e, f). We find that the graphene formation process is 

strongly impaired at lower temperatures (<2,000 K) but greatly accelerated at higher 

temperature (5,000 K) (Figure 1.18g)—a trend that is also suggested by experiments 

(Figure 1.18f). In the case of carbon black, continuous defect healing during FJH 

results in the gradual conversion of initially roughly spherical centroid particles into 

polyhedral shapes (Figure 1.18d) that appear as fringes at clearly defined angles in 

TEM images (see Figure 1.2b, e), further confirming the low-defect nature of the 

produced materials.  

 



 
42 

 

Figure 1.18 Structures with various characteristics (such as micro-porosity, 
misalignment and size of graphitic domains) kept at a given temperature range 
(1,500 to 5,000 K) for up to 5 × 10−9 s with a Nosé–Hoover thermostat. a–c, 
Sample structures for carbon materials of density (a) 0.8 g cm−3 ; sponge-like 
structure, (b) 1.1 g cm−3, and (c) 1.5 g cm−3; high degree of graphitization after 
annealing at 3,000 K. (d) Carbon black with density 0.8 g cm−3 and large 
macro-porosity, after prolonged (5 × 10−9 s) annealing at 3,600 K; polygonal 
fringes are apparent. (e–f) Change of the structural composition of materials 
during annealing for materials of different densities ρ (e) and for annealing at 
different temperatures T (f). (g) Structure of material with density 
1.5 g cm−3 after annealing at 5,000 K; the initial structure is the same as that 
shown in c. All scale bars are 1.5 nm. 

1.1.5. Large scale applications of flash graphene   

The FJH process was scaled up by increasing the quartz tube size. With quartz 

tubes of 4 mm, 8 mm and 15 mm diameter, 30 mg, 120 mg and 1 g of FG can be 

synthesized per batch, respectively. Figure 4a shows the amount of CB-FG obtained 

with the three tube sizes. The shorter flash from the smaller tube results in FG with a 

higher I2D/G. To increase the batch size while maintaining FG quality, flat tubes are 

helpful because they enable a higher cooling rate (Figure 1.19a). For industrial 
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production, we envision that the process can be automated for continuous FG 

synthesis (Figure 1.20). 

 

 

Figure 1.19 (a) FJH quartz tubes of different sizes and shapes, used to synthesize 
FG. Two separate synthesis processes were conducted with each tube, 
providing the samples in the tube and those in the plastic dishes. (b) FG 
dispersion in a water–Pluronic (F-127) solution (1%). The photograph shows 
the supernatants of 4 g l−1 of CB-FG and of 10 g l−1 of a commercial sample after 
centrifugation. The commercial graphene was not stable as a colloid at this 
concentration, resulting in a clear liquid in the supernatant after 
centrifugation. (c) FG dispersion in various organic solvents at 5 g l−1. (d) 
Mechanical performance of cement compounded with FG. The error bars 
represent one standard error (n = 3). 
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Figure 1.20 Possible reactors for automation of the FG process, for example 
with a coal source. (a) Continuous piston FG process. Unlike the laboratory 
setup, the function of the compression pistons and the electrodes is carried out 
by separate components. Suitable electrodes are copper, stainless steel, 
graphite or tungsten electrodes that are attached to the quartz but have vent 
holes to enable escape of the hot process gases during the FJH process. The 
compression pistons can be made of a dielectric material, possibly quartz or 
ceramic, to prevent shorting to the piston’s ground.  In this continuous process, 
carbon feedstock is fed through a reservoir into the process tube (aided by a 
shaker) while the compression piston is retracted to the left.  After the carbon 
powder is dispensed in the tube, the Feed Compress Piston moves with enough 
stroke to displace the converted carbon from underneath the electrodes (JH 
region) while at the same time the Empty Compress Piston retracts to the right 
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to allow FG to be emptied into a collection bin (aided by a shaker or a vacuum 
suction).  After the strike is over, the Empty Piston pushes in to block the tube 
while the Feed Piston applies predetermined pressure to the coal until the FJH 
process is done.  The piston cycles need to match the throughput of the 
continuous process.  The flow of carbon/FG material is in an enclosed 
environment that makes the operation safe. (b) Continuous Belt FG Process. In 
this reaction, the coal feedstock is fed through a reservoir into the quartz or 
ceramic boat, having a metallic bottom electrode that is grounded electrically, 
and is part of a continuous belt. 

FG was found to be dispersible in water/surfactant (Pluronic F-127) to give 

highly concentrated dispersions reaching 4 g l−1 (Figure 1.19b, Figure 1.21). Using 

organic solvents, FG has a high degree of dispersibility (Figure 1.19c),52-54 which can 

be attributed to the turbostratic arrangement permitting efficient exfoliation; the 

interlayer attraction forces are much lower than in conventionally arranged AB-

stacked graphene obtained by graphite exfoliation. 
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Figure 1.21 FG dispersion in water/Pluronic (F-127) (1%). (a) Comparison of 
dispersibility of 5 mg mL-1 of thermally expanded graphite and CB-FG in 
water/Pluronic (F-127) (1%). The thermally expanded graphite settles after 
centrifugation (see Methods) while the CB-FG remains dispersed in the water 
surfactant solution. (b) Visual dispersibility of CB-FG. The original 
concentration is specified below the image but that concentration was diluted 
500x for visual demonstration of CB-FG dispersibility. No large particles are 
found visually in all diluted solutions. 
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FG composites were explored, revealing considerably enhanced physical 

properties at small FG loadings. CB-FG–cement composites with 0.05% FG and cured 

for 28 days had ~25% higher compressive strength than the FG-free control sample 

(Figure 1.22). This enhancement in the compressive strength is three times higher 

than the values reported recently for cement composites reinforced by 

electrochemically exfoliated graphene with the same graphene loading, and slightly 

larger than those of other cement–graphene composites.55, 56 The seven-day 

compressive and tensile strength of CB-FG–cement composites with 0.1% FG loading 

are ~35% and ~19% higher, respectively, than those of the FG-free control sample 

(Figure 1.19d). These enhancements are almost three times larger than those of other 

reported graphene–cement composites with the same loading, demonstrating rapid 

strength development. Scanning electron microscopy images of CB-FG–cement 

composites (Figure 1.23) show a homogeneous distribution of FG in the cement 

matrix. The largely enhanced properties and rapid strength development of CB-FG–

cement composites is again attributed to the high dispersibility of the turbostratic CB-

FG, which results in greater homogeneity and robust composites. 

The large enhancement in the properties of CB-FG/cement composites could 

be due to the ease of dispersibility of the turbostratic CB-FG in water where the 

homogenously distributed sheet-like FG acts as templates to promote congruent 

growth of cement hydrate products.57 Additionally, there is literature suggestion that 

covalent C-O bonds/networks between graphene and cement hydrate products can 
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change the hybridization of graphene from sp2 to sp3 upon covalent bond formation, 

greatly enhancing the mechanical properties of the composite, though we cannot 

verify or substantiate the mechanism for that reaction.58 It has been suggested that 

this change, along with electron release in the vicinity of their interfacial region, can 

lead to homogenous, inter-mixed and intercalated composites with improved 

properties. Whether this is taking place here has not been experimentally verified.   

 

 

Figure 1.22 Mechanical properties of the CB-FG/cement composites measured 
at 28 days. 
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Figure 1.23 SEM images of cement and CB-FG composite. The SEM images show 
good graphene dispersion in Portland cement without any visible large flakes 
of graphene.  

In addition, CB-FG effectively enhances polymer properties. A 0.1 wt% CB-FG–

polydimethylsiloxane (PDMS) composite showed ~250% increase in compressive 

strength compared with PDMS without graphene (Figure 1.24). 

 

Figure 1.24 Compressive strength of PDMS, CB-FG/PDMS composite and 
CB/PDMS composite. 
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To demonstrate its applicability in electrochemical energy storage devices, C-

FG and CPC- FG were also used as electrode materials in a Li-ion capacitor and a Li-

ion battery (Figure 1.24), demonstrating the potential to use FG in advanced energy 

applications. 
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Figure 1.25 FG in a Li-ion capacitor and a Li-ion battery.  A Li-ion battery was 
made and cycled, then the battery was opened and the anode and cathode were 
used to make the Li-ion capacitor. (a) Charge/discharge curves of the Li-ion 
battery with C-FG anodes (0.01−3.0 V) and cathodes (1−3.5 V) in half-cells with 
Li foil as the counter and reference electrode. (b) Long-range stability of C-FG 
Li-ion capacitor at 20 mA.g-1. (c) Cycling performance of the Li-ion battery with 
the C-FG cathode half-cell at 30 mA.g-1. (d) Cycling performance of the Li-ion 
battery with C-FG as the anode half-cell at 50 mA.g-1. (e) Charge/discharge 
curves of the Li-ion battery with calcined petroleum coke-FG (CPC-FG) anode 
(0.01−3.0 V) and cathode (1−3.5 V) in half-cells with Li foil as the counter and 
reference electrode. (f) Long-range stability of the CPC-FG Li-ion capacitor at 5 
mA.g-1. (g) Cycling performance of the Li-ion battery with CPC-FG as cathode at 
25 mA.g-1. (h) Cycling performance of the Li-ion battery with CPC-FG as the 
anode half-cell at 100 mA.g-1. 

1.1.6. Conclusion  

In summary, a low-energy bottom-up synthesis of easily exfoliated 

turbostratic graphene was demonstrated from ultralow-cost carbon sources (such as 

coal and petroleum coke), renewable resources (such as biochar and rubber tyres) 

and mixed-waste products (including plastic bottles and discarded food). Scaling up 

of the FG synthesis process could provide turbostratic graphene for bulk construction 

composite materials. 

1.1.7. Experimental Method  

1.1.7.1. FJH system 

The FJH set up is detailed in Supplementary Figure 1.1. Inside a quartz tube, 

two loosely fitting electrodes compress the carbon source using two copper-wool 

plugs or graphite spacers to contact the carbon sources to allow degassing of volatile 
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materials. The compressing force is controllable by a modified small vice so as to 

minimize the sample resistance to 1–1,000 Ω and is key to obtaining a good flash 

reaction (0.004–4 S cm−1). To control the discharge time, a mechanical relay with 

programmable millisecond-level delay time is used. The entire sample reaction 

chamber is placed inside a low-pressure container (plastic vacuum desiccator) for 

safety and to facilitate degassing. However, the FJH process works equally well at 

1 atm. The capacitor bank consists of 20 capacitors with a total capacitance of 0.22 F. 

Each capacitor is connected to the main power cable (or bus) by a circuit breaker that 

is also used as a switch to enable/disable each capacitor. The capacitor bank is 

charged by a d.c. supply capable of reaching 400 V. The first prototype system is 

placed conveniently on one plastic mobile cart (Figure 1.1). Using a large 15-mm-

diameter quartz tube, we achieve synthesis of 1 g of FG per batch using the FJH 

process. 

Safety notice: the capacitor bank is capable of generating fatal electric pulses. 

Therefore, the following steps are taken to protect the operator as well as the circuit, 

and we strongly suggest that these measures be followed. Details of the circuit can be 

found in Figure 1.1a. Darkened safety glasses should be worn to protect eyes from the 

bright light during the discharge flashing process. 

The voltage and current ratings for the circuit breaker are appropriate for the 

maximum voltage and the anticipated maximum current that will be supplied by each 

capacitor to the FJH discharge on the basis of a discharge time of 50–200 ms. We use 

the maximum charging and bleeding voltages at ~400 V with maximum currents of 
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0.7 A and 0.1 A, respectively. The pulse discharging voltage to the sample is ~400 V 

and current can reach up to 1,000 A in <100 ms. A 24-mH inductor is used to avoid 

current spikes while using the mechanical relay. Without the inductor, the mechanical 

relay could be prone to high-current arcing during the intermittent closing of the 

circuit. To protect the inductor from the spike voltage when shutting off the current, 

a diode and a low-resistance resistor with appropriate ratings are connected parallel 

to the inductor. Additionally, to protect the capacitor from reverse polarity in case of 

oscillatory decay (which can occur in a fast discharge), an appropriate diode is placed 

parallel to the capacitor bank. 

1.1.7.2. Characterization 

The resultant FG products were characterized by scanning electron 

microscopy (SEM) using an FEI Helios NanoLab 660 DualBeam SEM system at 5 kV 

with a working distance of 10 mm. X-ray photoelectron spectroscopy (XPS) data were 

collected with a PHI Quantera SXM Scanning X-ray Microprobe with a base pressure 

of 5 × 10−9 torr. Survey spectra were recorded using 0.5-eV steps with a pass energy 

of 140 eV. Elemental spectra were recorded using 0.1-eV steps with a pass energy of 

26 eV. All of the XPS spectra were corrected using the C 1s peak (284.5 eV) as 

reference. 

TEM images were taken with a JEOL 2100F field-emission gun TEM at 200 kV. 

Atomic-resolution HR-TEM images were taken with an FEI Titan Themis S/TEM 

system at 80 keV. Samples were prepared by dropping diluted dispersions 

(~1 mg ml−1 in isopropanol) of the graphene sample (<200 μl) on the TEM Cu grids. 
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The dispersion was prepared using a bath sonicator (~15 min). Electron diffraction 

was calibrated by a diffraction standard (evaporated Al grid; Ted Pella). 

All Raman spectra were collected with as-prepared FG samples atop a glass 

slide, before exposure to solvent, using a Renishaw Raman microscope and a 532-nm 

laser with a power of 5 mW. A 50× lens was used for the local Raman spectra in Figure 

1.2 and a 5× lens for the mean Raman spectra in Figure 1.13. 

1.1.7.3. Atomistic modelling 

Atomistic simulations were carried out using periodic boundary conditions 

with ~15,000 atoms per unit cell for all structures except the carbon black model, 

which contained ~55,000 atoms. The initial configurations were created by random 

positioning and misorientation of small graphitic flakes of arbitrary shape and up to 

8–12 Å in diameter, and subsequently adding randomly positioned individual carbon 

atoms (the atomic carbon content was ~50% to represent a non-graphitized portion 

of the source material). Carbon black centroid particles were created by arranging 

randomly oriented graphitic flakes in roughly spherical shapes with hollow cores and 

diameters of up to 12 nm and adding atomic carbon (~50%). The initial 

configurations were subjected to preliminary annealing at 400 K for 2 × 10−9 s to 

eliminate irregularities caused by the structure creation protocol, then heated to the 

target annealing temperature with a heating speed of 0.5 × 10−12 K s−1 using a Nose–

Hoover thermostat (canonical NVT ensemble) with a temperature damping 

parameter of 0.025 × 10−12 s. The structures were held at the target annealing 

temperatures for 5 × 10−9 s (15 × 10−9 s for carbon black). 
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1.1.7.4. Preparation of flash graphene dispersion in water–Pluronic solution 

FG was dispersed in water–Pluronic (F-127) solution (1%) at concentrations 

of 1–10 g l−1. The mixture was sonicated in an ultrasonic bath for 40 min to obtain a 

dark dispersion. The dispersion was subjected to centrifugation at 1,500 rpm (470 

relative centrifugal force) for 30 min to remove aggregates using a Beckman Coulter 

Allegra X-12 centrifuge equipped with a 19-cm-radius rotor. The supernatant was 

analysed via ultraviolet–visible spectroscopy (Shimadzu). The dispersions were 

diluted 500 times and the absorbance was recorded at 660 nm. An extinction 

coefficient of α660 = 6,600 l g−1 m−1 was used to calculate the concentration of graphene 

in the solution. 

1.1.7.5. Cement sample preparation 

FG at various concentrations was dispersed in 1% water–Pluronic (F-127) 

solution. The dispersion was agitated for 15 min at 5,000 rpm using a shear mixer 

(Silverson L5MA). The graphene suspension in water was mixed with Portland 

cement with a water-to-cement ratio of 0.40. The slurry was cast in 5 × 

5 × 5 cm3 cubic polytetrafluoroethylene moulds (for compressive strength 

measurements) and in 2.5 cm × 3.8 cm cylindrical moulds (for tensile strength 

measurements). All cubes and cylinders were taken out the moulds after 24 h and 

placed in water for curing for another 24 h. The compressive and tensile mechanical 

strengths were measured after 7 and 28 days. For each FG–cement ratio, 

three samples were cast and tested. 
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1.1.7.6. Cement and PDMS testing procedures 

The compression strength tests were performed using a Forney Variable 

Frequency Drive automatic machine with dual load cells for maximum accuracy. 

Owing to the brittle nature of cement-based materials, the tensile strength was 

calculated via a splitting test because it gives the most accurate measurement. Special 

jigs held the cylinders so that the uniaxial compressive force applied to the center 

lines of the bottom and top surfaces of the samples caused tensile stress between the 

points of contact. 

1.1.8. Safety protocols when flashing samples 

 Enclose or carefully insulate all wire connections. 

 All connections, wires and components must be suitable for the high voltages 

and currents. 

 Be aware that component failure could cause high voltage to appear in 

unexpected places, such as heat sinks on the switching transistors. 

 Control wires should have opto-isolators rated for high voltage. 

 Provide a visible charge indicator.  A 230 V clear glass incandescent light 

bulb is a good choice as the glow on the filament also provides an 

approximate indicator of the amount of charge on the capacitor bank.  Bright 

light = danger! 

 Do not use toggle switches with metal toggles.  If an arc develops, the metal 

toggle could become charged. 
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 One hand rule.  Use only one hand when working on the system, with the 

other hand not touching any grounded surface. 

 Install bleed resistors in the range of 100,000 ohms on each capacitor so that 

charge will always bleed off in ~1 h. 

 Provide a mechanical discharge circuit breaker switch connected to a power 

resistor of a few hundred ohms to rapidly bleed off the capacitor charge. 

 Provide a "kill" circuit breaker switch to disconnect the sample holder from 

the capacitor bank. 

 Provide an AC disconnect circuit breaker switch. 

 Post high voltage warning signs on the apparatus. 

 Use of circuit breakers as switches.  Circuit breakers have built-in arc 

suppression that can interrupt 1000 amps or more.  Conventional switches 

do not have such a high level of arc suppression and can burn out or weld 

closed due to the high current pulses. 

 Use circuit breakers rated for DC voltage.  Most AC circuit breakers have a 

DC rating 1/2 the voltage or less since DC arcs are much more difficult to 

suppress.  Circuit breakers designed for DC solar power systems are a good 

choice.   

 When choosing circuit breakers, choose by the time curves typical for 0.1 s, 

rather than the steady state current rating.  K-type DC circuit breakers will 

have ~10x higher trip current at 0.1 s compared to their rated current, and 

Z-type breakers will have ~4x higher trip current at 0.1 s.  This "delayed trip" 
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designed into most circuit breakers will allow much higher pulse currents 

than the steady state rating of the breaker.   

 Include a small amount of inductance in the discharge circuit to limit the rise 

time to a millisecond or more.  Extremely fast discharges can damage 

components and cause RF interference with other lab apparatus. 

 Keep in mind that the system can discharge many thousands of Joules in 

milliseconds, which can cause components such as relays or even capacitors 

to explode.  These components should be enclosed to protect against both 

high voltage and possible flying debris. 

 Keep a voltmeter with high voltage test leads handy at all times.  When 

working on the capacitor bank, always check the voltage on each.  A broken 

wire or loose connection could leave the capacitor in a charged state.   

 Wear thick rubber gloves when using the apparatus to protect from 

electrocution.  

 All users should be properly trained by an experienced electrical technician.  

 Commercialization of laboratory-scale equipment will likely follow using 

these design and safety parameters.   

1.1.9. Contributions  

Duy X. Luong discovered the FJH conversion of carbon materials to graphene, 

designed and built the FJH apparatus, designed and built the spectrometer for 

temperature determination, acquired most of the data, and wrote most of the 

manuscript. Ksenia V. Bets conducted the mechanistic theory calculations under the 
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guidance of Boris I. Yakobson. Wala A. Algozeeb. and Paul A. Advincula, fabricated 

some plastic derived FG samples and blended and tested the polymer blends and 

tested FG dispersions. Michael G. Stanford obtained the SEM images and wrote parts 

of Supplementary Information, especially regarding FG morphology. Carter Kittrell, 

assisted with the design of the FG apparatus and the spectrometer, and wrote parts 

of Supplementary Information regarding turbostratic graphene. Rodrigo V. 

Salvatierra obtained most of the TEM images and all of the selected-area electron 

diffraction data. Weiyin Chen and Hua Guo obtained some of the TEM images. Muqing 

Ren built and tested the lithium-ion capacitor. Carter Kittrell and Vladimir Mancevski 

assisted Duy X. Luong in the design and safety features of the FJH system. Emily A. 

McHugh performed the thermogravimetric analysis. Zhe Wang obtained the surface 

area. Mahesh Bhatt obtained the cement and polymer composite data under the 

guidance of Rouzbeh Shahsavari. All aspects of the research were overseen by James 

M. Tour., who co-wrote some sections of the manuscript. 

1.2. Flash Graphene from Plastic Waste 

This subchapter was copied entirely from reference 59 

1.2.1. Introduction  

Plastic waste (PW) pollution is becoming one of the most pressing 

environmental concerns in the 21st century.60 A large fraction of PW ends up in 

landfills and the ocean, leading to the formation of micro- and nano-plastics that 

threaten marine life,61 microorganisms,62, 63 useful bacteria,3 and humans.64, 65 In 
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addition, plastics production from petrochemicals has a high carbon footprint.66 

Crude oil must be extracted, distilled, refined, and purified to form petrochemical 

feedstocks that are further processed to produce plastic in complex and energy-

intensive facilities that emit a large amount of greenhouse gases.67 Additional 

greenhouse gases are emitted during the shaping of plastic for use and when 

transporting to customers. After this intense carbon footprint process, most of the 

synthesized plastic is used only once before dumping into over-stressed landfills or 

waterways that terminate in oceans.66 Thus, upcycling PW to higher value materials 

and chemicals is environmentally and economically advantageous.  

To reduce the amount of PW, much effort has been directed toward physical 

recycling, in which the plastic is detergent-washed multiple times and reshaped for 

reuse. However, physical recycling has major drawbacks including the need for 

human-labor intensive sorting of plastics prior to milling, grinding, and sterilizing.68-

70 Another route for PW handling is chemical recycling, where PW is pyrolyzed in an 

inert atmosphere, sometimes in the presence of a catalyst, decomposing the plastic 

into smaller molecules and oils.71-74 Moreover, PW pyrolysis involves heating large 

reactors up to 500-600 °C,74 consuming sizable amounts of energy while making 

chemical formation expensive with a large carbon footprint.75 Another drawback of 

chemical recycling is the poisoning of the catalyst during the pyrolysis process due to 

the presence of contaminants in PW, such as additives and plasticizer. For this reason, 

PW must be pretreated to extract inorganic additives prior to chemical recycling to 

avoid catalyst poising. To date, most reported recycling technologies are not cost-

effective and thus only 9% of all produced plastic has been recycled.19, 76 Therefore, 
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greener recycling or upcycling technologies are sought; the latter occurring when the 

products attain a higher value than the starting plastic.  

This work describes an alternative approach to chemical and physical 

recycling when dealing with PW and it is based upon our recently developed direct 

current (DC) flash Joule heating (DC-FJH) method (Figure 1.26) to convert carbon 

sources into graphene; the process forming what is called flash graphene.1 The 

technology relies on electricity to induce FJH in PW. This drives the carbon source to 

high temperatures in a short time period. The work here shows that alternating 

current (AC) flash Joule heating (AC-FJH) (Figure 1.27) is advantageous over DC-FJH 

when dealing with PW because it can be sustained for seconds, 8 s in this case. This 

permits the release of the necessary volatiles, producing an intermediate AC flash 

graphene (AC-FG) with a I2D/IG peak ratio between 1.2 and 0.5 and a high-intensity D 

band when characterized by Raman spectroscopy. This process overcomes the need 

to pyrolyze the plastic in furnaces where much of the energy is lost in the process. 

Then, upon a single DC-FJH pulse, the intermediate AC-FG is converted to very high-

quality turbostratic FG (tFG) with I2D/IG peak ratio between 1 and 6 and low-intensity 

D band when characterized by Raman spectroscopy. This sequential AC and DC 

(ACDC) flash process was shown to be effective for upcycling both single-stream 

thermoplastics and PW mixtures. Given the high stability of graphene to typical 

microbial,77, 78 chemical,79 and thermal degradation,80 this technology offers a method 

for converting PW into a stable and naturally occurring form of carbon that has low 

toxicity.81, 82 Agglomerates of graphene are the natural mineral graphite.   
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Figure 1.26 Simplified scheme of the DC-FJH setup. Detailed description of the 
circuit was reported in previous work.1 
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Figure 1.27 Pictures of the AC-FJH equipment for pretreating PW samples. (a) 
The sample holder is placed in a plastic desiccator for protection of the 
operator. The 10 amp breaker box and electrical ports into the desiccator are 
indicated by labels. (b) A close-up view of the sample holder, sample, and 
copper electrodes. (c) Circuit diagram of the AC-FJH equipment.  

1.2.2. Flashing Plastic parameters using alternating current (AC)  

PW was ground using a commercial grinder and mixed with 5 wt% carbon 

black (CB) to obtain a conductive mixture. The CB can be substituted with 5 wt% FG 

from a former run. The plastic powder was packed in a quartz tube between two 

copper electrodes and was treated with AC-FJH (120 V, 60 Hz) for 8 s. An outline of 



 
65 

the AC-FJH circuit is shown Figure 1.28a. Pictures and electrical schematic of the AC-

FJH equipment are in Figure 1.27. During the AC-FJH, the conductive PW sample 

releases carbon oligomers and volatiles while FG is formed between the copper 

electrodes. The electrodes can also be made from graphite or other conductive 

refractory materials. There is ~0.5 mm of space between the electrodes and the 

quartz sidewall allowing for the volatiles to escape from the quartz tube. All flashing 

procedures must take place inside an evacuated closed chamber for safety (see safety 

notes0  

Safety protocols when flashing samples). FG obtained from the AC-FJH process 

is termed AC-FG. Plastic powders with different particle sizes were used to find that 

a powder with grain size between 1 mm and 2 mm gives the highest yield of AC-FG 

when 5% CB is used. Plastic powders with grain size larger than 2 mm are not 

conductive enough to react when mixed with 5 wt% CB, while powders with grain 

size smaller than 50 µm tend to escape from the quartz tube, with its loose-fitting 

electrodes, during the FJH process, causing a large drop in the yield of AC-FG. Figure 

1.28b shows the yield of AC-FG when 2 mm, 1 mm and 40 µm particles of high-density 

polyethylene (HDPE) powders were separately subjected to AC-FJH to obtain 23%, 

21% and 10% AC-FG yield, respectively. Another factor that plays an important role 

in the yield of AC-FG is the initial resistivity across the sample; compressing the 

plastic powders into the quartz tube lowers the initial resistivity and increases the FG 

yield. Figure 1.28c shows the yield of AC-FG obtained from flashing HDPE powder at 

different initial resistivity derived from different sample compressions between the 

two electrodes. AC-FJH was found to be useful for FG production from different 
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thermoplastics including: polyethylene terephthalate (PET), HDPE, poly(vinyl 

chloride) (PVC), low density polyethylene (LDPE), polypropylene (PP), and 

polystyrene (PS); the FG yield varied based on the parent material. As shown in Figure 

1.28d, the yield of AC-FG obtained from different thermoplastics was found to 

correlate to the thermal stability of the parent material; the higher the thermal 

stability of the plastic, the higher the FG yield and the less volatile oligomers 

generated. Note that the yields were calculated based on the carbon content of the 

polymer. Added CB converts to FG upon FJH, contributing <4% to the total yield. 

Figure 1.28 shows large shreds of post-consumer HDPE plastic from a commercial 

recycler (Polywize, Jacksonville Texas), which was then cut using a commercial 

cutter, mixed with 5 wt% CB, and finally, after FJH, converted into AC-FG. Unlike 

plastic pyrolysis processes, there is no need for a high-temperature furnace or 

catalyst. The AC-FJH process produces an intermediate FG, which is transformed into 

high quality FG by a short DC-FJH pulse (see below). We tried to flash silica (SiO2) 

with 5% CB, but the mixture was not conductive enough to flash. After adding 25% 

CB, the material was conductive enough to flash but did not yield graphene. Thus, 

silica mixed with up to 25% CB does not produce graphene. 
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Figure 1.28 (a) Schematic of the 120 V AC circuit. (b) AC-FG yield from HDPE 
with 2 mm, 1 mm and 40 µm particle size with 5 wt% CB at initial resistivity of 
125 Ω. Samples of particle size >2 mm did not flash with 5% CB. The error bars 
are standard deviation over 3 sample runs. (c) Effect of initial resistivity of 
HDPE/CB mixture on AC-FG yield. The resistivity is lowered through the 
application of increased compression (screw vice) between the two electrodes. 
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The error bars on the graph are standard deviation over 3 sample runs. (d) 
Typical AC-FG yields from different plastics when the initial resistance is 120 Ω. 
The error bars are standard deviation over 3 sample runs. (e) Pictures of (L-R): 
post-consumer plastic as received from a recycler; after cutting using a 
commercial cutter; after mixing with 5 wt% CB; and further conversion to FG 
using AC-FJH. 
 

1.2.3. Characterization of Flash graphene from plastic waste  

The quality of FG was determined using Raman spectroscopy. AC-FJH was 

found to result in the formation of FG with different I2D/IG peak ratios, as well as 

different D band intensities. Figure 1.29a displays the mean characteristic Raman 

spectrum of FG obtained from the AC-FJH pretreatment process, showing broad 2D 

and G bands and substantial D bands. The quality of AC-FG was significantly upgraded 

using a single 500 milliseconds (ms) DC pulse (Figure 1.27 for DC circuit outline) to 

obtain high quality turbostratic FG (tFG) from many kinds of plastic (b). tFG obtained 

from AC-FJH followed by DC-FJH is termed ACDC-tFG. Detailed analysis (Lorentzian 

fitting) was performed on each of the collected Raman spectra; fitting data may be 

found in the Figure 1.30 to Figure 1.41. The collected Raman spectra for both AC-FG 

and ACDC-tFG have excellent Lorentzian fitting with R2 ≥ 0.98, indicating the absence 

of Bernal stacking.9 When characterizing tFG, the IG/D peak ratio is an important 

indicator of the degree of disorder and the quality of tFG. A higher IG/D peak ratio is 

indicative of a lower degree of disorder and higher tFG quality.83-85 Figure 1.29a,b 

show that the IG/D peak ratio increases significantly in ACDC-tFG when compared to 

AC-FG. This suggests that the DC-FJH of AC-FG reduces disorder and results in the 



 
69 

formation of high-quality tFG. The formation of the low D band could also be 

indicative of the formation of large sheets with low edge densities and low disorder, 

or from the formation of zigzag edges that reduce the intensity of the D-band.86 Table 

1.5 lists the position and the full width half maxima (FWHM) of the 2D, G, and D band 

of AC-FG and ACDC-tFG. DC-FJH transforms the quality of AC-FG to obtain sharp 2D 

and G bands and low D band intensity when characterized by Raman spectroscopy. 

Upon DC-FJH, the 2D band shifts from 2689 cm-1 to 2700 cm-1 and the FWHM 

decreases from 71 cm-1 to 27 cm-1, resulting in a sharp 2D band that matches the data 

reported for high-quality turbostratic graphene.1, 12, 13, 87 The G band shifts from 1580 

cm-1 to 1584 cm-1 and the FWHM decreases from 44 cm-1 to 16 cm-1, giving a sharp G 

band. Unlike typically furnace grown graphene, the I2D/IG peak ratio is not a good 

indicator of the quality of tFG. The I2D/IG peak height ratio is mainly an indicator of 

the number of turbostratic layers88 (see 1.1.2.1 Raman characterization of 

turbostratic graphene) 
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Figure 1.29 Characteristic Raman spectra of (a) AC-FG and (b) ACDC-tFG. Plastic 
mixture is 40% HDPE, 20% PP, 20% PET, 10% LDPE, 8% PS, and 2% PVC. (c) 
Raman spectrum of highly turbostratic FG observed for ACDC-tFG from PVC, 
showing the turbostratic FG bands in the expanded spectrum. (d) Temperature 
profile of the AC-FJH processes collected using an IR spectrometer and 
blackbody radiation fitting.  
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Figure 1.30. Raman fitting of the AC-FG from PET. 

 

Figure 1.31. Raman fitting of the AC-FG from HDPE. 
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Figure 1.32 Raman fitting of the AC-FG from PVC. 

 

Figure 1.33 Raman fitting of the AC-FG from LDPE. 
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Figure 1.34 Raman fitting of the AC-FG from PP. 

 

Figure 1.35 Raman fitting of the AC-FG from PS. 
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Figure 1.36. Raman fitting of the ACDC-FG from PET. 

 

Figure 1.37 Raman fitting of the ACDC-FG from HDPE. 
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Figure 1.38 Raman fitting of the ACDC-FG from PVC. 

 

 
Figure 1.39 Raman fitting of the ACDC-FG from LDPE. 
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Figure 1.40 Raman fitting of the ACDC-FG from PP. 

 

Figure 1.41 Raman fitting of ACDC-FG from PS. 
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Plastic 
Type 2D AC-FG 2D ACDC-

tFG G AC-FG G-ACDC-tFG D AC-FG D ACDC-tFG 

 Position  
(cm-1)  

FWHM  
(cm-1) 

Position 
(cm-1) 

FWHM 
(cm-1) 

Position 
(cm-1) 

FWHM 
(cm-1) 

Position 
(cm-1) 

FWHM 
(cm-1) 

Position 
(cm-1) 

FWHM 
(cm-1) 

Position 
(cm-1) 

FWHM 
(cm-1) 

PET 2682 63 2701 31 1573 32 1581 18 1342 55 1352 62 

HDPE 2686 82 2701 28 1581 53 1581 18 1343 75 1350 35 

PVC 2682 64 2700 36 1573 32 1586 13 1342 55 1354 43 

LDPE 2686 76 2701 28 1581 52 1581 18 1343 58 1350 35 

PP 2686 81 2699 20 1581 53 1581 16 1343 74 1350 60 

PS 2694 70 2701 18 1581 46 1582 18 1349 45 1352 62 

Average 2689 71 2701 27 1580 44 1582 17 1345 67 1351 50 

STDV 7 13 1 7 4 11 2 2 4 17 2 13 

Table 1.5 Analysis of the 2D, G and D bands from the Raman spectra. 

High quality FG is difficult to obtain by direct DC-FJH treatment of PW without 

the AC-FJH. AC-FJH is essential for removing more volatiles from the PW to obtain 

high quality FG (Figure 1.10). Figure 1.42 shows TGA of FG obtained via DC flashing 

of HDPE at different voltages compared to FG obtained via AC-FG. For each of the DC-

flashed sample, HDPE was flashed 5 times at the specified voltage with a discharge 

time of 500 ms. A DC-FJH pretreatment of plastic was found to insufficient for full 
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carbonization of plastic waste compared to AC-FG, which shows no residual plastic in 

TGA.  

Figure 1.29c shows the Raman spectrum of ACDC-tFG from PVC with I2D/IG 

peak ratio equal to 6, in which the TS1 and TS2 bands are observed that are indicative 

of the pure turbostratic morphology of tFG.12 Previous studies show that turbostratic 

graphene with some Bernal stacked layers would have a large M-peak that is not 

observed in our FG.13 During the AC-FJH processes, the temperature rises to ~2900 

K, forcing the C-C bonds to break and rearrange to the more stable graphene. Most 

excess energy is released via light radiation, which results in rapid cooling of the 

carbon material and a bright flash with every discharge. The fast-cooling rate leads to 

the random arrangement of the graphene sheets to obtain tFG. There is insufficient 

time to form AB-stacked layers. When the cooling rate was slowed by trapping the IR 

and UV emissions inside the flashing tube, graphene with a broad 2D peak (FWHM of 

65 cm-1) and was observed. The peaks did not show good Lorentzian fitting, indicating 

the formation of AB-stacked graphene upon slowing the cooling rate (Figure 1.43). 

The same phenomena is observed with long DC-FJH pulse durations; longer heating 

times induce the formation of AB-stacked graphene.89 Figure 1.29d shows the 

temperature profile of the AC-FJH processes collected via an in-house built infra-red 

(IR) spectrometer (spectrometer components are shown in Figure 1.44). The 

collected data were fitted with black body radiation curves to find that the 

temperature rises to 2900 K during AC-FJH process. The DC-FJH flash is known to 

reach ~3100 K, which is the temperature required to obtain high quality graphene as 

shown in previous work.1 Recordings of the current passing through the sample 
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during the DC-FJH process shows that 180 amps of electricity passes through the 

sample in ~ 100 ms discharge time (Figure 1.45). FJH to such high temperatures 

volatilizes non-carbon elements, leaving a highly pure form of graphene. Note that 

most elements, including metals and silicon,90 sublime below 2900 K while carbon 

sublimes ~ 3900 K.91 This purification mechanism obviates the need to remove 

contaminates, such as plasticizers, residual food and even clays, before using FJH to 

obtain high quality FG. For example, PET carbonated beverage bottles contain ~10% 

nano-clay that is added as a gas barrier.92 These were subjected to AC-FJH and it was 

observed that the nano-clays sublime (possibly after reduction) from the PW matrix 

during the FJH process to produce FG (see Figure 1.46  for TGA of PET before and after 

FJH). FJH was shown to be effective for converting PW mixtures to FG, which makes 

this process a good choice for eliminating the labor-intensive sorting steps 

necessitated by other recycling/reuse processes. High quality FG is difficult to obtain 

by direct DC-FJH treatment of PW without the AC-FJH. AC-FJH is essential for 

removing more volatiles from the PW to obtain high quality FG (see Figure 1.10 and 

Figure 1.42 for Raman spectra and TGA of FG obtained when only DC-FJH was used 

to make FG from plastics). Figure 1.29c  shows the Raman spectrum of ACDC-tFG from 

PVC with I2D/IG peak ratio equal to 6, in which the TS1 and TS2 bands are observed 

that are indicative of the pure turbostratic morphology of tFG.12 Previous studies 

show that turbostratic graphene with some Bernal stacked layers would have a large 

M-peak that is not observed in our FG.13 During the AC-FJH processes, the 

temperature rises to ~2900 K, forcing the C-C bonds to break and rearrange to the 

more stable graphene. Most excess energy is released via light radiation, which 
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results in rapid cooling of the carbon material and a bright flash with every discharge. 

The fast-cooling rate leads to the random arrangement of the graphene sheets to 

obtain tFG. There is insufficient time to form AB-stacked layers. When the cooling rate 

was slowed by trapping the IR and UV emissions inside the flashing tube, graphene 

with a broad 2D peak (FWHM of 65 cm-1) and was observed. The peaks did not show 

good Lorentzian fitting, indicating the formation of AB-stacked graphene upon 

slowing the cooling rate (Figure 1.43). The same phenomena is observed with long 

DC-FJH pulse durations; longer heating times induce the formation of AB-stacked 

graphene.89 Figure 2d shows the temperature profile of the AC-FJH processes 

collected via an in-house built infra-red (IR) spectrometer (spectrometer 

components are shown in Figure 1.44). The collected data were fitted with black body 

radiation curves to find that the temperature rises to 2900 K during AC-FJH process. 

The DC-FJH flash is known to reach ~3100 K, which is the temperature required to 

obtain high quality graphene as shown in previous work.1 Recordings of the current 

passing through the sample during the DC-FJH process shows that 180 amps of 

electricity passes through the sample in ~ 100 ms discharge time (Figure 1.45). FJH 

to such high temperatures volatilizes non-carbon elements, leaving a highly pure 

form of graphene. Note that most elements, including metals and silicon,90 sublime 

below 2900 K while carbon sublimes ~ 3900 K.91 This purification mechanism 

obviates the need to remove contaminates, such as plasticizers, residual food and 

even clays, before using FJH to obtain high quality FG. For example, PET carbonated 

beverage bottles contain ~10% nano-clay that is added as a gas barrier.92 These were 

subjected to AC-FJH and it was observed that the nano-clays sublime (possibly after 
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reduction) from the PW matrix during the FJH process to produce FG (see Figure 1.46 

for TGA of PET before and after FJH). FJH was shown to be effective for converting 

PW mixtures to FG, which makes this process a good choice for eliminating the labor-

intensive sorting steps necessitated by other recycling/reuse processes. 

 

Figure 1.42 TGA (air, 15 °C/min) of HDPE-derived FG prepared at different 
voltages. 
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Figure 1.43 (a) Picture of the nanoceramic IR/UV reflective film. (b) Picture of 
the flashing quartz tube with and without the film. Raman fitting of ACDC-FG 
from HDPE. (c) Raman fitting of ACDC-FG from HDPE with reflective film 
showing poor Lorentzian fitting (R2=0.96). (d) Raman fitting of ACDC-FG from 
HDPE without reflective film showing good Lorentzian fitting (R2=0.99) 

 

 

Figure 1.44 Components of the IR spectrometer built in-house for temperature 
determination. (a) Schematic of the spectrometer. The grating box scatters light 
from 600-1000 nm and collects the spectrum with a 16-channel photodiode 
array. The signal from the photodiode arrays is amplified by the amplification 
board from 16 op-amps. The signal is then collected by the DAQ PCI-e 6320. The 
computer processes the data to the spectrum and fits it with black body 
radiation curve. The system is enclosed inside a copper mesh to reduce noise. 
(b) Photo of the spectrometer. 
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Figure 1.45 Recording of the current passing through the AC-FG during DC-FJH 
process 

 

Figure 1.46 TGA (air, 15 °C/min) of PET before and after AC-FJH. The 
thermogram for FG derived from PET goes to 0 wt% at 790 °C showing that the 
~10 wt% nanoclays residue in PET has been volatilized in the flashing process.  
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X-ray diffraction (XRD) of ACDC-tFG obtained from different PW products 

shows two peaks occurring at 26.1° (002) and 45° (001) (Figure 1.47 has XRD of tFG 

from different plastics). Compared to graphite and graphite nanoplatelets (Figure 

1.48), both of which have AB stacked layers, ACDC-tFG has a (002) peak that occurs 

at a slightly lower 2Ө with Ic = 3.45 Å, indicating larger interlayer distance between 

the ACDC-tFG sheets.1, 14, 47 The (002) peak of ACDC-tFG has a tail that extends to low 

2Ө, which is due to rotational disorder between the ACDC-tFG layers.93 Figure 1.48b 

shows the TGA of ACDC-tFG from the HDPE with thermal decomposition commencing 

at ~625 °C in air. The high thermal stability is indicative of the high degree of 

crystallinity and low defects of the tFG structure, since defects often lower the 

thermal stability of graphene.80  A survey XPS of ACDC-tFG from HDPE shows pure 

carbon composition without the detectable presence of heteroatoms (Figure 1.48c). 

High-resolution carbon XPS of ACDC-tFG from HDPE (Figure 3d) shows large C-C/C=C 

peaks occurring at 284.5 eV. Trace C-O/C-O-C and O-C=O XPS peaks were observed at 

286.5 eV and 288 eV, respectively. Note that PVC, which has ~ 50% chlorine content, 

formed high purity FG upon flashing, without a detectable presence of chlorine by 

high-resolution XPS (Figure 1.49). This indicates that the FJH method is effective for 

handling PW that is otherwise difficult to repurpose. When flashing PVC, hydrochloric 

acid (HCl) is expected to be released during the AC-FJH process as one of byproducts 

along with other hydrocarbons. Similar to conventional chemical recycling, HCl can 

separated from other effluents using a lime absorber.68    
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Figure 1.47 XRD of ACDC-FG obtained for different plastics.  
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Figure 1.48 (a) XRD of ACDC-tFG from HDPE. (b) TGA (air, 15 °C/min) of ACDC-
tFG from HDPE and (c) Survey XPS scan of ACDC-tFG from HDPE. (d) High 
resolution C1s XPS spectrum of ACDC-tFG from HDPE. 
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Figure 1.49 (a) Survey scan and (b) high resolution C1s  XPS  FG from PVC 
showing no presence of the chlorine atoms in the FG matrix.  

A TEM image of AC-FG shows highly graphitic sheets (Figure 1.50a) with an 

average size of 16 nm (Figure 1.50b). AC-FG are comprised of an average of 4 stacked 

turbostraic layers (Figure 1.51). From the TEM images, the spacing between the AC-

FG layers was found to be 3.45 Å (Figure 1.52). Figure 1.50c shows a TEM image of 

ACDC-tFG with an average sheet size of 27 nm (Figure 1.50d), which is larger than 

that of the AC-FG. This suggests that following the AC-FJH process with DC-FJH 

promotes the lateral growth of the ACDC-tFG sheets. The increase in sheet size upon 

DC-FJH agrees with the decrease in the D band in the Raman spectra, because the 

intensity of the D band correlates to the surface to edges density; smaller graphene 

sheets often have higher D band intensities. DC-FJH was observed to result in an 

increase in the number of stacked FG sheets. TEM images of ACDC-tFG shows an 

average of 6 layers (Figure 1.53) of tFG per sheet with an average interlayer spacing 
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of 3.45 Å (Figure 1.54). The interlayer distance calculations from the TEM images are 

included in Figure S26. The interlayer distance from the TEM images agrees with the 

XRD and Raman data that support the conclusion of the turbostratic morphology of 

ACDC-tFG.  

  

Figure 1.50 (a) TEM image of AC-FG from HDPE and (b) particle count of AC-FG 
(n = 100). (c) TEM image of ACDC-tFG from HDPE and (c) particle count of ACDC-
tFG from HDPE (n = 100). 
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Figure 1.51 Turbostratic layers count of AC-FG (n = 100). 

 

 

Figure 1.52 Interlayer distance of AC-FG.  
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Figure 1.53 Turbostratic layers count of ACDC-FG (n = 100). 

 

 

 Figure 1.54 Interlayer distance of ACDC-FG. 
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1.2.4. Energy cost estimation of plastic waste conversion to graphene  

To calculate the energy required to covert mixed PW to FG, the resistivity 

across the sample was monitored during the FJH. The resistivity across the sample 

was observed to drop with time as shown in Figure 1.55a. Starting from 1.0 g of mixed 

PW, with 40% HDPE, 20% PP, 20% PET, 10% LDPE, 8% PS, and 2% PVC, which is 81 

wt% carbon content (the remainder being H, O and Cl), the mixed PW forms 0.18 g 

(22% yield) of intermediate AC-FG with the remainder being volatilized compounds; 

some waxes were isolated from the sidewalls of the quartz tube (see below). The 

conversion of the 0.18 g of intermediate AC-FG into high quality ACDC-tFJH graphene 

is nearly quantitative, hence there is a 22% overall yield of high-quality tFG from 

mixed PW following the combination ACDC-FJH protocol.  When we start with 1.0 g 

of HDPE instead of mixed PW, the yield is 0.23 g (27% yield since HDPE is wt 86% 

carbon) of high-quality tFG after ACDC-FJH. We presume that the yield of graphene 

can be substantially increased if we build a pressure vessel that can retain more of 

the volatile components during the FJH steps for higher overall conversion.    

The energy consumed during the AC-FJH processes is ~21 kJg-1.  The energy 

required for the DC-FJH is ~13 kJg-1, but we are only DC-FJH 0.18 g of the original 1.0 

g of mixed plastic.  In total, 23 kJ is required to convert 1.0 g of mixed PW into 0.18 g 

of high-quality tFG. To calculate the power needed to produce FG from PW, the 

resistance across the PW sample was recorded at different times. Equation 1.2 was 

used to calculate the power. 
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𝑃 =
𝑉2

𝑅
 

Equation 1.2 Power consumption during AC flash 

Where P is power, V is the voltage, which is 120 V throughout the experiment, 

R is the resistance. The calculated power was then integrated overtime to obtain the 

consumed kWh.  kJ conversion: 5.8 Whg-1 is ~ 20880 Jg-1 (20.9 kJ g-1). The total power 

consumed to convert plastic waste to FG was calculated to be 5.8 Whg-1 (0.00582 

kW/g). So, for 1 ton of plastic, 5261725 Wh will be consumed (5361.72 kWh/ton) as 

shown in Figure 1.56. Given that the industrial price of electric energy in Texas, USA 

is $0.02 (kWh)-1, the total cost for carbonizing 1 ton of plastic is ~ $107.  

For the DC flash, the flashing voltage was set to 110 V for 100 mg. The 

discharge time was found to be 0.1 s. Initial resistance is 1 Ω and final resistance is 

0.8 Ω. The total power consumed is 3.6 Whg-1, which is around 13 kJg-1. The total cost 

is $65 ton-1 to upgrade the quality of graphene. Price of the AC and DC process 

combined 107 (AC) + 16.25 (DC) = $124 ton-1 of plastic. This makes the cost of 

upcycling plastic using this technology competitive when compared to conventional 

physical and chemical recycling technologies. Currently, recycling technologies are 

not economical, which results in producing recycled plastic that is higher in cost than 

virgin plastic. This in turn leads to favoring the consumption of virgin plastic over 

recycled plastic, increasing plastic pollution and greenhouse gas emissions (see Table 

1.6 for prices of recycled and virgin plastics).  
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Figure 5a gives insight into the mechanism of formation of tFG. Prior to voltage 

application in the AC-FJH, we start with a HDPE and CB mixture with high resistivity 

(low conductivity). As we proceed with AC-FJH, the current flows via the conductive 

CB generating a large amount of heat that carbonizes the non-conductive plastic 

causing the resistivity to drop with time, forming carbon rich AC-FG by the end of the 

AC-FJH process. At this point, evident by the collected Raman spectra in Figure 1.29a, 

AC-FG is not fully graphitized and exhibits a considerable amount of disorder, 

indicating that most of the applied energy in the AC-FJH process is applied towards 

carbonizing plastics by removing volatiles rather than graphitizing it. Upon DC-FJH of 

AC-FG, the current is uniform across the AC-FG, generating heat that graphitizes and 

heals the defects and disorder present in the AC-FG to obtain high quality tFG by the 

end of the ACDC-FJH process.1, 89  

     
 

 

Plastic 

Type 

PET 

($/ton) 

HDPE 

($/ton) 

LDPE 

($/ton) 

PP 

($/ton) 

PS 

($/ton) 

PVC 

($/ton) 

Virgin 
Plastic 

1405 1080 1025 1036 1477 780-845 

Recycled 
Plastic 

1513 1647 1173 1130 2417 777 
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Table 1.6 Average price of virgin and recycled plastic in Q4 of 2019  

1.2.5. Graphene dispersions and applications 

The degree of graphene dispersibility is one of the important parameters that 

influences the processability of graphene into composites. Pluronic surfactants are 

low in price and often used to make stable aqueous graphene dispersions because of 

their hydrophilic tails and hydrophobic cores.94, 95 The dispersibility of FG was 

studied in 1% aqueous Pluronic F-127 solution to find that dispersions with 

concentrations up to 1.2 mg/mL were attainable with AC-FG as shown in Figure 5b. 

ACDC-tFG dispersions were lower in concentration than that of AC-FG, which could 

be due to the larger sheet size of ACDC-tFG compared to AC-FG. However, both AC-FG 

and ACDC-tFG dispersion concentrations are significantly higher than many 

concentrations reported in the literature.94-96  The ability to achieve FG dispersions 

with high concentration is likely due to the turbostratic morphology that makes is 

easier to overcome weaker Van der Waals interactions between the FG layers. When 

working with graphite, exfoliation of the layers only occurs when the net surface 

energy of the graphene and the solvent is greater than the strong Van der Waal 

interactions between the AB-stacked layers.45 For this reason, graphene dispersion 

from graphite usually requires costly organic solvents and high sonication power, 

which are not required for tFG dispersions. Therefore, dispersions made from 

graphite had much lower concentrations than those from tFG, making the utilization 

of tFG dispersions highly advantageous (Figure 1.55b). Secondly, the results here 
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have not been industrially optimized, and would likely gain by using a pressure cell 

have the escaping gases also convert to graphene.  

In addition, nano-sized tFG particles make it easy to disperse tFG in the 

presence of a small amount of surfactant. The quality of tFG was benchmarked against 

the quality of commercial graphene available on the market. tFG was found to have a 

significantly better Raman spectrum with a sharper 2D band and lower D band 

intensity (Figure 1.55c). Also, tFG has much better dispersibility than commercial 

graphene indicating that tFG has better processability into composites than 

commercial graphene. Given that the 98% of all graphene supplies are currently 

offering low quality graphene,46 producing tFG from PW on a commercial scale could 

potentially elevate the quality of graphene available on the market and accelerate the 

transition of graphene-related technologies from laboratories to large scale 

industries. To demonstrate the usefulness of tFG, Portland cement composites of tFG 

derived from HDPE were tested to find that adding 0.035 wt% of FG from HDPE 

increases the compressive strength of Portland cement by 30% (Figure 1.55d). This 

is due to the increased integrity of calcium-silicate-hydrates in cement via addition of 

tFG.47 Such enhancement in the compressive strength by adding small fractions of tFG 

is difficult to achieve with graphite or carbon fiber. For example, adding 0.05 wt% 

graphite to cement, which is almost double the loading of tFG in our composites, did 

not result in a noticeable change in the compressive strength.48 This shows the 

advantage of the tFG in large scale applications where small graphene loading 

translates into significant enhancement in the physical properties of composites.    
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Figure 1.55. (a) Resistivity values and power consumed during the AC-FJH 
process of HDPE. (b) Bath-sonicated dispersions concentration of thermally 
expanded graphite, AC-FG and ACDC-tFG from HDPE and in 1% Pluronic before 
(initial) and after (final) centrifugation. (c)  Raman spectra of ACDC-tFG (from 
HDPE) and commercial graphene. (d) Compressive strength cement/AC-FG 
composites (FG from HDPE).  
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Figure 1.56 Power require to carbonize 0.5 g of mixed plastic in the AC system  

1.2.6. Analysis of byproducts of flashing plastic  

The waxy substances formed during the AC-FJH process were collected and 

analyzed by FTIR to find that the waxes are oligomers with FTIR fingerprints similar 

to the parent plastic with a low degree of oxidation as shown in Figure 1.57. A 

schematic of the wax trap setup is shown in Figure 1.58. These oligomers can be 

mixed with petroleum hydrocarbon streams for processing into virgin plastic or can 

be used to produce additives for detergents composites. The yield of oligomers is 

<10% indicating that ~60% of the flashed PW is transformed into gaseous product. 

To analyze the composition of the generated gases, a flashing electrode with a central 

hole drilled on the electrode face and a 90° turn to permit volatiles to escape was built 
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(Figure 1.59). The gases evolved during FJH of HDPE were captured and collected in 

a cold trap. An estimate of the effluent composition was calculated based on the vapor 

pressures of the volatile stream at -196 °C; -78 °C (dry ice bath); 23 °C and 60 °C, 

indicating that the process affords H2:C1-3:C4-6 in a 5:4:1 pressure ratio (not molar 

ratio).  If a similar amount of H2 remains to be generated upon scaling, then the H2 

might be used in a fuel cell to generate clean supplemental electricity for the FJH 

process. 

 

Figure 1.57. (a) IR spectra of the plastics before and (b) waxes after AC-FJH. 
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Figure 1.58 (a) Schematic of the glass wool trap to collect the waxes. (b) Picture 
of the glass wool with waxes deposited on it after FJH plastics.  

 

 

Figure 1.59 Picture of the flashing electrodes designed for gas capture upon.  

1.2.7. Conclusion  

The ability to use small amounts of electricity to convert PW to higher value 

materials moves the world closer toward plastic neutrality. Using the FJH technology 
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on a large scale to handle PW could potentially reduce the emissions of greenhouse 

gases in cradle to upcycle use of plastics,66, 67, 76 however, a full life-cycle analysis 

remains to be done for the full utility of this approach. It has been reported that the 

production of 1 g of virgin PET requires 38.8 kJ of energy,49 whereas treating PW 

using the FJH method will consume only 23 kJ, and this is for upcycling to tFG rather 

than merely recycling. Graphene is known to be a stable from of carbon with an 

extremely resilient structure. As with graphite, graphene can be slow in microbial 

degradation,77, 78 thereby lessening re-entry into the carbon cycle. Therefore, FJH of 

PW should be considered as a method to upcycle PW. 

1.2.8. Experimental method 

1.2.8.1. Materials  

CB (average diameter 10 nm, Black Pearls 2000) was purchased from Cabot 

Corporation. Recyclable PW was collected and separated based on type. The PW 

products reported in this work include PET from carbonated beverage bottles, HDPE 

from milk jugs or Polywize (Jacksonville TX), PVC from plumbing pipes, LDPE from 

single use plastics bags, PP from disposable straws and food packaging, and PS from 

disposable coffee cups. The PW was sanded or cut using a Shanghai Ke Heng 

Industrial Co. cutter to obtain powders with grain sizes 1 to 2 mm. The powdered 

plastic was then mixed with 5 wt% CB to obtain a conductive mixture. One could 

substitute CB with FG made in a prior reaction. In some cases used here, HDPE 

powder with grain size smaller the 50 µm was purchased as virgin material from 

Millipore-Sigma. 
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1.2.8.2. AC-FJH and DC-FJH.  

Powders were packed between two copper electrodes in quartz tubes (tube 

thickness: 2 mm, inner diameter: 8 mm, length: 5 cm). The samples were compressed 

to obtain a resistivity of 120 to 125 Ω for 0.5 g of plastic. Alternating current (120 V, 

60 Hz) was applied to the sample ~8 s in a vacuum desiccator (~10 mm Hg) to aid 

with outgassing. A detailed description of the AC system can be found in Figure S2. 

DC-FJH was performed on samples after AC-FJH. A capacitor bank composed of 10 

capacitors of 450 V, and 60 mF, was charged to 110 V and allowed 500 ms discharge 

time to obtain high quality FG. Description of the DC circuit can be found in Figure S1. 

1.2.8.3. Characterization 

 Raman spectra were obtained by excitation with a 532 nm laser in a Renishaw 

Raman microscope with 50x objective lens. X-ray diffraction (XRD) was performed 

using a Rigaku D/Max Ultima II Powder XRD. Thermal gravimetric analysis (TGA) was 

performed on a Q50 TGA from TA Instruments. Transmission electron microscopy 

(TEM) images were acquired using JEOL 2100F field-emission gun TEM at 200 kV. X-

ray photoelectron spectroscopy (XPS) spectra were collected with a PHI Quantera 

SXM Scanning X-ray Microprobe with a base pressure of 5 × 10–9 Torr. Survey spectra 

were recorded using 0.5 eV step sizes with a pass energy of 140 eV. Elemental spectra 

were recorded using 0.1 eV step sizes with a pass energy of 26 eV.  Fourier transform 

infrared (FTIR) spectra were collected using a Nicolet 6700 FTIR spectrometer from 

Thermo-Scientific equipped with a GoldenGate accessory.  
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1.2.8.4. Dispersion preparations  

FG solutions were prepared at concentrations from 1 to 10 g.L-1 by suspending 

FG in 1 wt% Pluronic F-127 solution and sonicating for 30 min to disperse FG.  After 

sonication, the dispersions were centrifuged in Beckman Coulter Allegra X-12 

centrifuge equipped with a 19 cm in radius rotor at 1500 rpm (470 RCF) for 30 min 

to remove aggregates. The supernatant was diluted 500 times and analyzed via UV-

VIS (Shimazu UV-3600 plus). The absorbance was recorded at 660 nm and an 

extinction coefficient of α660= 6600 L·g-1·m-1 was used to calculate the concentration 

of graphene in solution. 

1.2.8.5. Cement composites preparation  

 FG with 1 wt% pluronic F-127 was shear mixed in water using a Silverson 

L5MA shear mixer for 15 min at the speed of 5000 rpm to create a dark dispersion. 

FG dispersions were mixed with Portland cement using a dispersion to cement ratio 

of 0.40. Next, the slurry was cast in 4.90 x 4.90 x 4.90 cm PTFE cube molds (for 

compressive strength) and were allowed to set for 24 h. The compressive strength 

was measured after 7 days using a Forney Variable Frequency Drive automatic 

machine with dual load cells. 

1.2.8.6. Collection of the waxes 

To analyze the waxes generated during the flashing process, the waxes are 

collected in a glass wool trap. Upon FJH, the evolved gases and waxes are withdrawn 
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by vacuum, and higher molecular weight waxes are trapped in the glass wool. 

Dichloromethane was used to extract the waxes for analysis.  

1.2.8.7. Analysis of the evolved gases 

The amount of hydrogen is estimated by recording the pressure change when 

cooling from room temperature to 77 K. The amount of hydrogen reliable, because it 

will be the only significant component at liquid nitrogen temperature, as methane has 

about 10 Torr vapor pressure at 77 K. The hydrogen was then pumped off to allow 

the other gases to condense at the bottom.  A small amount of methane will also be 

removed during the brief pump out. When the trap is warmed from 77K to 195K (dry 

ice), the second fraction, which constitutes methane +2 and 3 carbon moieties 

evaporate. The relatively slow rise in pressure upon removal from the liquid nitrogen 

suggests that methane is a minor component, but further analysis is needed to 

determine these proportions. 

1.2.9. Contributions  

Wala A. Algozeeb prepared most of the samples and acquired most of the data and 

wrote most of the manuscript. Paul E Savas flashed some of the samples and tested 

the FG dispersions. Duy Xuan Luong built the flashing setup and spectrometer.  

Weiyin Chen collected the XPS and TEM images. Carter Kittrell wrote Raman 

characterizations portion of the manuscript.  Mahesh Bhat prepared the FG/cement 

composite with the supervision of Rouzbeh Shahsavari, and James M. Tour 

supervised all aspects of this work and wrote parts of the manuscript.   
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Chapter 2 

Synthesis of CO2 adsorbent from 
plastic waste products  

2.1. Synthesis of CO2 sorbent from packaging waste  

2.1.1. Introduction  

With the slow development of large-scale renewable energy solutions that can 

supply current energy demands, fossil fuels are expected to remain the primary 

energy source for the next 40 years.97, 98 To incentivize the energy sector to capture 

CO2 emissions generated by fossil fuel combustion, economical CO2 capture 

technologies must be easily accessible. Amine-based CO2 sorption from natural gas 

has been practiced commercially for decades with a CO2 capture cost of  $80-160 ton-

1 of CO2.99, 100 This cost is 5 to 10x higher than the cost of CO2 harvesting from natural 

reservoirs, making amine-based CO2 capture and sale routes unattractive when 
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considered for point source emissions such as flue gas.99 In addition, the amine-based 

CO2 capture route requires heating to 125-140 °C for amine regeneration, resulting in 

an energy-intensive technology, given the high heat capacity of the aqueous amine 

solution.101 Likewise, there are currently no membrane, metal organic framework 

(MOF) or covalent organic framework (COF) technologies that meet both economic 

and technical demands for CO2 capture from post-combustion point sources.  

Therefore, efficient and economical CO2 capture routes are needed.102, 103 

Another environmental crisis that is receiving much attention is PW pollution. 

With the increasing awareness of the harmful effects of microplastics generated from 

PW,62, 65 new technologies for PW utilization are being pursued. One of the current 

commercial technologies practiced worldwide is PW pyrolysis, also called chemical 

recycling.68 This method involves heating PW to 500-600 °C in an inert atmosphere 

in the presence of a catalyst to generate gases, oils and waxes, along with a near-zero-

value carbon char waste product.68, 71,73  

At the same time, porous materials have been suggested as replacement for 

the expensive and energy amine-based CO2 sorption.103 Porous carbon synthesis has 

been reported from polymers with high fixed carbon contents, such as 

polyacrylonitrile,104 polyethylene terephthalate,105, 106 and polyvinyl chloride.107, 108 

However, generating porous carbon from low-fixed-carbon-content polymer wastes 

such as high-density polyethylene (HDPE), low-density polyethylene (LDPE), and 

polypropylene (PP), which are main constituents in municipal PW, remains a 
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challenge. Here, we introduce an alternative approach to PW pyrolysis, in which low-

fixed-carbon-content PW polymers are pyrolyzed in the presence of a potassium salt 

to obtain porous carbon with high CO2 capture capacity instead of the valueless 

carbon char from a conventional pyrolysis process. The synthesis of the porous 

carbon from low-fixed-carbon-content PW is done at a temperature far below the 

generation temperature of potassium metal, thereby rendering a far safer conversion 

process. Hence, the protocol described here enhances and leverages the value of PW 

products by reversibly capturing CO2 from post-combustion sources such as flue gas.   

2.1.2. Optimization of sorbent synthesis parameter    

Ultra-microporous sorbents were prepared by a single-step carbonization of PW at 

600 °C under an inert atmosphere in the presence of an activation reagent. The solid carbon 

was then washed with deionized water and dried to obtain the final sorbent. Samples were 

named so that the first two numbers represent the activation salt to polymer weight ratio 

followed by the PW type; the number after the PW type represents the activation 

temperature. Different activation agents were explored including potassium hydroxide 

(KOH), potassium oxalate (K2C2O4), and potassium acetate (KOAc). KOAc shows 

superior performance in sorbent generation, and it is safer to handle as described in Figure 

2.1. While KOH has been reported to be an effective agent for carbon activation, it is 

more corrosive, difficult to handle in large quantities and has more severe human 

health effects, making the scale-up of materials utilizing KOH as an activator less 
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attractive109, 110. Here, we show the usefulness of KOAc as a less toxic and superior 

activating agent.   

 

Figure 2.1 Gravimetric CO2 sorption isotherm of HDPE activated at 700 °C using 
K2C2O4 (2,1-HDPE-700) and KOAc (2,1-HDPE-700) at 2:1 salt:PW ratio. Using 
KOH leads to full decomposition of the polymer without formation of the 
sorbent; there is no remaining carbon after thermolysis.  

Different KOAc to high-density polyethylene (HDPE) ratios and activation 

temperatures were explored to optimize synthesis conditions. Figure 2.2a shows the 

nitrogen (N2) sorption isotherm of the sorbents prepared at different KOAc:HDPE 

ratios and temperatures, all having type I isotherms, a typical isotherm for 

microporous materials with high density of pores < 2 nm in width. Table 1.1 contains 

the calculated Brunauer−Emmett−Teller (BET) surface areas from the N2 isotherms, 

average pore width, total pore volume, and percentage of microporosity. Table 2.1 
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shows that when the samples were prepared at 600 °C, the surface area increased 

with the increase of the KOAc:HDPE ratio, reaching a maximum of 1055 m2 g-1 with 

4,1-HDPE-600. Sorbent prepared with KOAc:HDPE ratios > 4 had a collapsed 

structure due to excessive etching of the carbon backbone. This collapse resulted in a 

decrease in surface area as shown by 5,1-HDPE-600, whose surface area was only 407 

m2 g-1. 

       

Sample 

Surface 
areaa 

(m2g-1) 
 

Average 

Pore Widtha 

(nm) 

Total Pore 

Volumea 

(cm3g-1) 

Micropores 

Percentage 

(%) 

 
Oxygen b 
(atom%) Carbon b 

(atom%) 

2,1-HDPE-

600 

582 0.75 0.40 77% 11 89 

3,1-HDPE-

600 

737 0.72 0.48 78%  12 88 

4,1-HDPE-

600 

1055 0.73 0.66 91% 18 82 
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5,1-HDPE-

600 

407 0.82 0.25 61% 23 77 

4,1-HDPE-

500 

442 0.71 0.27 89%  20 80  

4,1-HDPE-

700 

1293 0.79 0.86 80% 17 83 

2,1-HDPE-

600 

582 0.75 0.40 77% 11 89 

a Calculated from the nitrogen (N2) sorption isotherm at 77 K. b determined 

by XPS. 

Table 2.1 Pore volume and elemental analysis of the prepared sorbents 

The activation temperature is a parameter that significantly affects the surface 

area of the sorbent; higher activation temperatures lead to higher surface areas. The 

highest surface area of 1293 m2 g-1 was achieved with 4,1-HDPE-700. Heating above 

700 °C leads to full decomposition of the carbon sorbent, while heating below 600 °C 

leads to a decrease in the surface area as observed with 4,1-HDPE-500 in Table 2.1. 

Figure 2.2b shows the density functional theory (DFT) pore width distribution of the 
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sorbents; the highest pore width population is at ~0.7 nm. As synthesis temperature 

increase, the population of pores with width around ~1.1 nm and 1.4 nm increases in 

addition to the large 0.7 nm population. This can be overserved with 4,1-HDPE-700 

and 4,1-HDPE-600, which has higher pore population around 1.1 and 1.4 compared 

to that of 4,1-HDPE-500. While the pore size distribution varied from one sample to 

another due to different synthesis conditions, the percentage of micropores volume 

was found to be high across all the samples as shown in Table 2.1 Pore volume and 

elemental analysis of the prepared sorbents. Although sample preparation at 700 °C 

offers the highest surface area, the CO2 uptake was not significantly enhanced at 1 bar 

compared to samples prepared at 600 °C due to the formation of mesopores at higher 

temperatures, which are not as effective as micropores for low-pressure CO2 capture. 

Additionally, safety considerations dictate staying far below 700 °C to mitigate any 

potassium metal formation.111 Therefore, this study is focused on 4,1-HDPE-600 as 

the optimum sorbent.  

Carbon and oxygen are the two most abundant elements on the surface of the 

sorbent as shown in the X-ray photoelectron spectrum (XPS) of 4,1-HDPE-600 in 

Figure 1c. The oxygen content decreases as the synthesis temperature increases, an 

expected trend since a higher degree of carbonization occurs at a higher temperature 

(Table 2.1). High resolution C1 XPS shows the presence of different oxygen 

functionalities, suggesting that KOAc oxidizes the surface of the sorbent during the 

synthesis. X-ray diffraction (XRD) pattern of the adsorbent shows broad bands with 

no sharp lines (Figure 1.1d). The 002 peak of the sorbent occurs at 24.8°, far from the 
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typical 26° band of crystalline carbon, which confirm the amorphous nature of the 

sorbent. The morphology of the sorbent was studied using scanning electron 

microscopy (SEM), showing pores and pockets throughout the material (Figure 2.2e). 

Transmission electron microscopy (TEM) images of 4,1-HDPE-600 show highly 

amorphous carbon structures presumably due to the low non-graphitizing synthesis 

temperature (Figure 2.2f). 
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Figure 2.2 (a) N2 sorption isotherms collected at 77 K of sorbents synthesized 
at different KOAc:HDPE ratios and prepared at different activation 
temperatures. (b) DFT-pore size distribution of sorbents synthesized at 
different temperature showing larger pores formation at higher temperatures. 
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(c) Survey XPS and the high-resolution C1s XPS of 4,1-HDPE-600 showing a 
significant amount of oxidation. (d) XRD of 4,1-HDPE-600 showing an 
amorphous carbon-like pattern. (e) SEM image of 4,1-HDPE-600 showing the 
highly porous structure of the amorphous carbon product. (f) TEM image of 4,1-
HDPE-600 showing the low degree of graphitization.  

2.1.3. CO2 capture capacity of the sorbent. 

The CO2 capacity of the sorbent was studied using a gravimetric uptake 

analyzer equipped with a suspended magnetic balance to offer maximum sensitivity 

(Figure 2.3). The Rubotherm is equipped with magnetic suspension balance with 10 

µg resolution that allows it to measure the weight reliably in all environments. The 

sample is placed in a measuring cell that is coupled to the balance via contactless 

magnetic suspension coupling. The balance is equipped with a titanium sinker with a 

calibrated volume and mass to measure the density of the fluid surrounding the 

sample as shown in Figure 2.3.  

The CO2 isotherms show Langmuir curves (type I isotherms) reaching 

saturation at ~10 bar (Figure 2.4a). Measured isotherms represent excess uptake. 

Nonetheless, due to the high degree of microporosity, absolute and excess uptake 

were almost identical at pressures ≤ 5 bar but slightly diverge at pressures ≥ 5 bar 

as shown in  

Figure 2.5. Total uptakes represent the amount of adsorbed gas on the sorbent 

surface in addition to bulk gas. Microporous materials usually have very close 

absolute and excess isotherm.109 The total uptake was calculated using Equation 2.1 
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Uptake a ≈ Uptakea e = Uptakee e + V × ρ k 

Equation 2.1 Absolute uptake calculation from excess uptake 

where Vp is the pore volume of porous material and ρbulk is the density of gas in the 

bulk phase at given pressure and temperature. 4,1-HDPE-600 pore volume= 0.66 cm3 

g-1. 

 The CO2 uptake increases with an increase in the KOAc:HDPE ratio, reaching 

a maximum of 18 wt% (4.1 mmol g-1) at and an average of 17.0 ± 1.2 wt% at 1 bar and 

25 °C with 4,1-HDPE-600 (Figure 2.6 shows more isotherms) before it drops when 

the KOAc:HDPE ratio is further increased to 5 (Figure 2.4b). An averaged isotherm of 

4,1-HDPE-600 is reported in Figure 2.7 and Figure 2.8. The sorbent uptake 

performance is nearly identical when comparing gravimetric and volumetric 

methods. In the Setaram, where volumetric uptake is measured, a sample at known 

pressure and volume is connected to a reservoir of known volume and pressure 

through an isolation valve. Opening the isolation valve allows a new equilibrium to 

be established. Gas sorption is determined by the difference in measured pressure 

before and introducing the sample (Figure 2.8). 
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Figure 2.3 The Rubotherm’s magnetic suspension balance components. Picture 
is obtained from Rubotherm manual.112 

While the increase in synthesis temperature produced an increase in the 

sorbent surface area, no significant enhancement in the CO2 uptake at 1 bar was 

observed when the activation temperature was > 600 °C (Figure 2.4c). This could be 

due to the formation of larger pores at high temperatures,113 which are useful for the 

uptake at higher pressures (> 1 bar) rather than at low pressures (Figure 2.10). In 

general, the CO2 capacity was found to be correlated to the micropore surface area; a 

higher micropore surface area usually produces a higher CO2 uptake. Synthesis 
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parameters were optimized using post-consumer HDPE plastic 1-gallon milk and 

water bottles. The same conditions can be used to activate mixed post-consumer 

plastic (PCP), polypropylene (PP, from plastic cups) or low-density polyethylene 

(LDPE, from single use plastic bags) and a mixture of PP, HDPE, and LDPE (Figure 2d). 

These are some of the most challenging materials to recycle and one of the main 

sources of microplastics.114, 115 Figure 2.10 shows the CO2 sorption isotherms of 

sorbents prepared from PP, LDPE, HDPE and mixed PCP. The sorbent, 4,1-HDPE-600, 

has been cycled 100 times with no sign of deterioration or capacity declines, 

indicating its stability and suggesting its suitability for long-term operations (Figure 

2.4e). In fact, the sorbent capacity increases in the initial 15 cycles before it remains 

constant at an average capacity of 17.9 ± 0.2 wt%.  
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Figure 2.4 CO2 sorption capacities of the sorbents. (a) Gravimetric CO2 sorption 
isotherm of 4,1-HDPE-600, showing Langmuir-type behavior. Shaded area 
represents the standard deviation over three samples. (b) Gravimetric CO2 

capacity of activated HDPE sorbent synthesized at 600 °C with different 
KOAc:HDPE ratios. Blue dots show the micropore surface areas. (c) Gravimetric 
CO2 capacity of activated HDPE synthesized at different temperatures with a 
KOAc:HDPE ratio = 4:1. Blue dots show the micropore surface areas. (d) 
Gravimetric CO2 capacity sorbent synthesized using different plastics 



 
119 

 

(KOAc:PW ratio = 4:1). PCP composed of 1:1:1 HDPE:LDPE:PP. Error bars in b-d 
represent the standard deviation of three samples of 4:1-HDPE. (e) Recorded 
gravimetric CO2 capacity throughout 100 cycles from ~10-4 bar to 1 bar of CO2. 
Shaded area represents the standard deviation of the 100 cycles.  
 

Figure 2.5 Excess and absolute CO2 uptake of 4,1-HDPE-600. 
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Figure 2.6 Gravimetric CO2 sorption isotherms of sorbents prepared at 
different KOAc:HDPE ratios and different temperatures.  

 

Figure 2.7 Averaged gravimetric CO2 sorption isotherms 4,1-HDPE-600. Shaded 
area represents the standard deviation of three sample batches. 
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Figure 2.8 Averaged volumetric CO2 sorption isotherms 4,1-HDPE-600. Shaded 
area represents the standard deviation of three sample batches. 

 

Figure 2.9 Setaram components for measuring volumetric uptake. Picture is 
obtained from Setaram manual116. 
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Figure 2.10 Gravimetric CO2 isotherm of 4,1-HDPE-600 and 4,1-HDPE-700 at 25 
°C, showing improved uptake at high pressure with 4,1-HDPE-700 compared to 
4,1-HDPE-600. 
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Figure 2.11 (a) Gravimetric CO2 sorption isotherm of sorbents prepared from 
different activated plastics. (b) Volumetric CO2 sorption isotherm of sorbents 
prepared from  mixed post-consumer  plastics.  

2.1.4. Pyrolysis mechanism and byproducts 

Thermal gravimetric analysis (TGA), XRD and Gas Chromatography-Mass 

Spectrometry (GC-MS) were employed to study the sorbent activation mechanism 

and to evaluate the byproducts formed. The reaction starts by the decomposition of 

KOAc to K2CO3 and acetone at ~430 °C.117, 118 The decomposition of KOAc induces the 

carbonization of HDPE, forming highly microporous carbon around the K2CO3 

particles at ~500 °C as shown in Figure 2.12a. This step is highly exothermic due to 

the oxidation reactions that occur upon heating (Figure 2.13). XRD of the unwashed 

sorbent after synthesis at 600 °C shows the formation of K2CO3 (Figure 2.12b). In 

addition, HDPE, undergoes thermal degradation via a free-radical mechanism, 

producing shortened hydrocarbon chains and other olefinic compounds119. These 

evolved hydrocarbons were analyzed using a pyrolyzer coupled with a GC-MS where 

the salt-polymer mixture was heated to 600 °C and the evolved hydrocarbons were 

trapped with liquid nitrogen cooling (Figure 2.14). Some of the early eluting peaks, 

such as ethene, were undoubtedly fractionated as they have significant partial 

pressures at liquid nitrogen temperatures and were flushed under a steady stream of 

helium. The first peak in the GC-MS chromatogram is due to CO2 from minor air leaks 

(Figure 2.12c). Comparison of the signal from the mass selective detector (MSD) and 

flame ionization detector (FID) chromatograms reveals hydrocarbon peaks under the 
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CO2 to be mainly ethene (Figure 2.15). The second largest peak in the chromatogram 

was found to be acetone from the decomposition of potassium acetate. The peaks 

following the acetone peak were light hydrocarbons such as propene, butene, and 

butadiene that can be used as building blocks to synthesize polymers. For heavier 

hydrocarbons eluting at later retention times, linear-alpha olefins (LAO), paraffins 

and diolefins were found to be the major products of this pyrolysis process (Figure 

2.16). The structure of these hydrocarbons was determined by MS fragmentation 

patterns and library data match. Figure 2.12d shows the yield of the different 

hydrocarbons from this pyrosis process. 18.7% of the collected hydrocarbon are 

classified as polymer building blocks (monomers), 43.5% are LAO and 25.3% are 

paraffin waxes, and 12.6% mixture of different hydrocarbons primarily diolefins with 

unsaturation sites at the beginning and end of the hydrocarbon chain.  A list with the 

integration, identification and application of the FID chromatogram are given in Table 

2.2. These hydrocarbons can be captured and separated using well-developed 

commercial routes and are useful for various applications including repolymerization 

or lubricants additives (Figure 2.17). Current LAO production routes are expensive 

due to the high cost of raw materials, primarily ethene (Figure 2.18). This work offers 

the production of LAO from a negative value PW, at a very competitive cost. In 

addition, large-scale production of monomers, such as propene, is carried out in 

steam crackers via pyrolysis of naphtha and paraffin hydrocarbons in the presence of 

steam at 850 °C.119 This work allows for monomers production at lower carbon 

footprint than traditional methods at facilities that could be built near the point of use 
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in support of a circular economy.120 Furthermore, the sorbent is predicted to have 

negative carbon footprint within two days of CO2 capture operation (Table 2.3), which 

means that monomers and hydrocarbons can be produced from PW at near-zero 

carbon footprint.  

The net energy cost of sorbent production was estimated by monitoring the 

heat transfer of the KOAc:HDPE mixture upon heating in a differential scanning 

calorimeter (DSC) (Figure 2.13). It was found that 215 kJ kg-1 is required to process 

the KOAc:HDPE mixture. Using natural gas as a fuel to drive the pyrolysis, the process 

would cost ~$3 ton-1 of HDPE. The overall cost to process PW is low and competitive 

compared to existing PW upcycling/recycling technologies and rather than producing 

zero-value char, the product here can be used for CO2 capture. This synthesis cost is 

far lower than that of other solid sorbents such as MOFs or COFs that are difficult to 

scale-up due to the cost and often their sensitivity to contaminants.121-124 A cost 

analysis of the pyrolysis process products using Aspen Plus software package and IHS 

markit database is described in Table 2.4, Table 2.5 and Table 2.6. Based on the 

current market prices of the byproducts, the sorbent can be synthesized at a profit 

with zero net cost due to the production of high value byproducts. The amount of 

profit can reach ~$2471 ton-1 based on US’s market. In addition, the collected waxes 

from pyrolysis can also be pyrolyzed in the presence of KOAc to yield a sorbent with 

similar uptake capacity as the sorbent derived from parent plastic (Figure 2.19).   

Upon continued heating KOAc:PW to > 700 °C, KOAc is reduced to 

form potassium metal.125, 126 Since this route only requires heating PW with KOAc to 
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only 600 °C, the risk of potassium metal formation is mitigated, making the process 

safer to scale-up. Figure 2.12e shows the activating agents and synthesis 

temperatures of sorbents reported in the literature, most of which are ≥ 700 °C to 

synthesize the porous material.111, 118, 127-131  
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Figure 2.12 Synthesis mechanism of the sorbent. (a) TGA thermogram of KOAc 
+ HDPE (25 °C min-1, N2) showing the different stages of pyrolysis. (b) Unwashed 
adsorbent XRD spectrum showing peaks characteristic of K2CO3 (PDF 00-049-
1093). (c) GC-MS MSD chromatogram of the evolved hydrocarbons during the 
synthesis of 4,1-HDPE-600 showing a carbon distribution ranging from C2 to 
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C41. (d) Bulk yield of the expected different hydrocarbons evolved from the 
pyrolysis process in tons of hydrocarbons per ton of starting HDPE. (e) 
Literature survey of the activation agent and activation temperature vs CO2 
uptake of some reported sorbents. 

 

Figure 2.13 Differential scanning calorimetry (DSC) analysis of the synthesis of 
4,1-HDPE-600 showing the heat flow to complete the pyrolysis process.  

0 100 200 300 400 500 600

-2.0

-1.5

-1.0

-0.5

0.0

H
ea

t F
lo

w
 (W

/g
)

Temperature (oC)

KOAc + HDPE 
Decompostion
77 kJ/kg

KOAC Melting
116 kJ/kg

HDPE Melting
22 kJ/kg



 
129 

 

 

Figure 2.14 Schematic of the online pyrolizer setup used to analyze the evolved 
gases in GC-MS.132 
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Figure 2.15 MSD and FID chromatogram of the evolved hydrocarbons during 
the pyrolysis process.  
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Figure 2.16 FTIR of the wax showing linear-alpha olefin like fingerprint. 
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NA NA NA 2 4.24 113371.31 0.37
% 

propene (42) plastics 3 3 4.33 1573035 5.07
% 

Propyne (40) Fuel, propene 
production 3 4 4.39 262076.76 0.84

% 

Butene (56) comonomer 4 5 4.52 1021752.1
4 

3.29
% 

butyne or 
butadiene (54) 

monomer for 
Rubber 

manufacturing 
4 6 4.58 111344.8 0.36

% 

Butene (56) comonomer 4 7 4.63 208088.75 0.67
% 

Acetone (58) 
Bisphenol 

production, 
solvent 

3 8 4.96 "saturated
"  

cyclopentene 
or pentadiene 

(68) 

Monomer for 
resin synthesis 5 9 5.18 251345.92 0.81

% 

Cyclopentadie
ne (66) 

Monomer for 
resin synthesis 5 10 5.26 377131.89 1.22

% 

2-
methylpentene 
or isomer (84) 

Monomer for 
resin synthesis 6 11 5.76 577659.4 1.86

% 

3-
methylpentane 
or isomer (86) 

Monomer for 
resin synthesis 6 12 5.88 235418.21 0.76

% 
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1-heptene (98) Poly alpha 
olefins 7 13 7.02 291078.3 0.94

% 

heptane or 
isomer (100) Fuel 7 14 7.15 375304.08 1.21

% 

1-octene (112) comonomer 8 15 8.33 209576.36 0.68
% 

octane(114) paraffin 8 16 8.46 220154.53 0.71
% 

1-nonene 
(126) 

Poly alpha 
olefins 9 17 9.51 183391.39 0.59

% 

Nonane (128) Lubricant 
additive 9 18 9.63 117784.75 0.38

% 

1-decene 
(140) 

Poly alpha 
olefins 10 19 10.52 395736.25 1.28

% 

Decane (142) paraffin 10 20 10.62 200114.46 0.64
% 

1,10 
undecadiene 

(152) 

Specialty 
chemical 11 21 11.32 24413.99 0.08

% 

1-undecene 
(154) 

Specialty 
chemical 11 22 11.38 340269.76 1.10

% 

Undecane 
(156) 

Specialty 
chemical 11 23 11.46 320240.18 1.03

% 
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1,11 
dodecadiene 

(166) 

Detergent 
manufacturing 12 24 12.09 36219.32 0.12

% 

1-dodecene 
(168) 

Detergent 
manufacturing 12 25 12.14 275553.2 0.89

% 

Dodecane 
(170) 

Detergent 
manufacturing 12 26 12.22 276302.83 0.89

% 

1,12 
tridecadiene 

(180) 

Detergent 
manufacturing 13 27 12.78 43312.23 0.14

% 

1-tridecene 
(182) 

Detergent 
manufacturing 13 28 12.84 271281.72 0.87

% 

Tridecane 
(184) 

Detergent 
manufacturing 13 29 12.91 221434.48 0.71

% 

194 Amines/Sulfonat
es synthesis 14 30 13.45 50937 0.16

% 

196 Amines/Sulfonat
es synthesis 14 31 13.5 368979.87 1.19

% 

198 Amines/Sulfonat
es synthesis 14 32 13.57 221340.87 0.71

% 

208 Amines/Sulfonat
es synthesis 15 33 14.07 64410.52 0.21

% 

210 Amines/Sulfonat
es synthesis 15 34 14.12 370863.05 1.20

% 
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212 Amines/Sulfonat
es synthesis 15 35 14.18 217061.47 0.70

% 

222 Oilfield 
chemicals 16 36 14.67 75667.22 0.24

% 

224 Oilfield 
chemicals 16 37 14.71 330012.81 1.06

% 

228 Oilfield 
chemicals 16 38 14.77 217480.78 0.70

% 

236 Oilfield 
chemicals 17 39 15.23 83153.83 0.27

% 

238 Oilfield 
chemicals 17 40 15.28 327051.81 1.05

% 

240 Oilfield 
chemicals 17 41 15.33 188448.63 0.61

% 

250 Oilfield 
chemicals 18 42 15.77 90621.81 0.29

% 

252 Oilfield 
chemicals 18 43 15.81 359415.3 1.16

% 

254 Oilfield 
chemicals 18 44 15.86 180034.22 0.58

% 

264 Oilfield 
chemicals 19 45 16.28 95503.93 0.31

% 

266 Oilfield 
chemicals 19 46 16.32 376666.73 1.21

% 
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268 Oilfield 
chemicals 19 47 16.36 191001.03 0.62

% 

278 Lubricant 
additive 20 48 16.77 115423.37 0.37

% 

280 Lubricant 
additive 20 49 16.81 368280.67 1.19

% 

282 Lubricant 
additive 20 50 16.85 174019.4 0.56

% 

292 Lubricant 
additive 21 51 17.24 116650.4 0.38

% 

294 Lubricant 
additive 21 52 17.27 367377.77 1.18

% 

296 Lubricant 
additive 21 53 17.31 188950.6 0.61

% 

306 Lubricant 
additive 22 54 17.7 116716.8 0.38

% 

308 Lubricant 
additive 22 55 17.74 382119.3 1.23

% 

310 Lubricant 
additive 22 56 17.77 175637.6 0.57

% 

320 Lubricant 
additive 23 57 18.16 120319 0.39

% 

322 Lubricant 
additive 23 58 18.2 404677.4 1.30

% 
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324 Lubricant 
additive 23 59 18.23 187073.7 0.60

% 

334 Lubricant 
additive 24 60 18.63 129355.74 0.42

% 

336 Lubricant 
additive 24 61 18.66 397383.02 1.28

% 

338 Lubricant 
additive 24 62 18.69 197482.05 0.64

% 

348 Lubricant 
additive 25 63 19.11 140350.22 0.45

% 

350 Lubricant 
additive 25 64 19.14 422906.91 1.36

% 

352 Lubricant 
additive 25 65 19.18 208772.88 0.67

% 

362 Lubricant 
additive 26 66 19.62 148042.24 0.48

% 

364 Lubricant 
additive 26 67 19.65 457253.42 1.47

% 

366 Lubricant 
additive 26 68 19.69 221036.96 0.71

% 

376 Lubricant 
additive 27 69 20.17 158459.87 0.51

% 

378 Lubricant 
additive 27 70 20.2 458349.51 1.48

% 
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380 Lubricant 
additive 27 71 20.24 251357.82 0.81

% 

390 Lubricant 
additive 28 72 20.77 167942.99 0.54

% 

392 Lubricant 
additive 28 73 20.81 463822.53 1.49

% 

394 Lubricant 
additive 28 74 20.85 253798.06 0.82

% 

404 Lubricant 
additive 29 75 21.45 165819.55 0.53

% 

406 Lubricant 
additive 29 76 21.49 454434.43 1.46

% 

408 Lubricant 
additive 29 77 21.54 258276.77 0.83

% 

418 Lubricant 
additive 30 78 22.22 160849.93 0.52

% 

420 Lubricant 
additive 30 79 22.27 454596.38 1.47

% 

422 Lubricant 
additive 30 80 22.32 232345.87 0.75

% 

432 Lubricant 
additive 31 81 23.11 160072.2 0.52

% 

434 Lubricant 
additive 31 82 23.16 452841.95 1.46

% 
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436 Lubricant 
additive 31 83 23.22 227671.13 0.73

% 

446 Lubricant 
additive 32 84 24.14 161311.72 0.52

% 

448 Lubricant 
additive 32 85 24.2 468725.82 1.51

% 

450 Lubricant 
additive 32 86 24.26 230427.88 0.74

% 

460 Lubricant 
additive 33 87 25.35 169572.92 0.55

% 

462 Lubricant 
additive 33 88 25.42 469545.77 1.51

% 

464 Lubricant 
additive 33 89 25.48 234540.57 0.76

% 

474 Lubricant 
additive 34 90 26.76 173441.38 0.56

% 

476 Lubricant 
additive 34 91 26.84 484930.45 1.56

% 

478 Lubricant 
additive 34 92 26.92 237746.9 0.77

% 

488 Lubricant 
additive 35 93 28.44 153352.54 0.49

% 

Table 2.2 Identification of the hydrocarbons via GC-MS evolved from the 
pyrolysis reaction. 
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Figure 2.17 Applications of LAO based on the hydrocarbon chain length. 
Adapted from Nexant.133  
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Figure 2.18 Cost of production of linear alpha olefins (LAO) showing that the 
cost of raw materials makes the highest fraction of the total cost.133 

   

Natural gas consumed in synthesis 10.5 MMBTU ton-1 HDPE 

CO2 released per MMBTU 0.05307 tons CO2 MMBTU-1 

HDPE required to synthesize 1 ton of 
sorbent  8.33367 tons HDPE ton-1 sorbent 

CO2 released per ton of sorbent  4.64381 ton.ton-1 sorbent  

CO2 captured per cycled  0.045 ton. ton-1 sorbent 

Cycles per hour 3 cycles  
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CO2 tons captured per day 3.24 tons day -1 

Capture duration to offset emissions  1.43327 Days 

 

Table 2.3 CO2 footprint of the synthesis  

   

Material Cost ($ per ton 
of material) Comments 

HDPE 0 

Negative 
value 

material 
(waste) 

Potassium 
acetate 1000 4 tons total 

Table 2.4 Cost of the starting materials  

      

Material 
produced 

Yield 

(ton ton-1 

HDPE) 

Market price 

($ ton-1) 

Cash back 
($) 

Market price 

($ ton-1) 
Cash back 

($) 

Sorbent 0.12 NA NA NA NA 
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Monomers/com
onomers 0.16 800.00 131.63 1100.00 180.99 

Linear-alpha-
olefins 0.38 1050.00 401.67 1200.00 459.05 

Paraffins 0.22 769.00 170.94 892.00 198.28 

Other 0.11 400.00 44.25 400.00 44.25 

Acetone 1.18 750.00 886.85 800.00 945.97 

Potassium 
carbonate 2.82 1000.00 2817.53 1800.00 5071.56 

  
Cash back 

($ ton-1) 
4452.87 

Cash back 

($ ton-1) 
6900.11 

Table 2.5 Value of the byproducts produced per 1 ton of HDPE 
 

  

 
$ ton-1 of 
HDPE 

Cost of raw materials 4000 

Cost of fuel for pyrolysis  29 

Cost of utilities  100 
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Separation cost 300 

Cash back from byproducts 
(China market) 4452.87 

Table 2.6 Net cash cost of sorbent synthesis. 

 

Figure 2.19  Gravimetric CO2 sorption isotherm of sorbent synthesized from 
wax. 
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2.1.5. CO2 capture from flue gas  

The sorbent effectiveness for CO2 capture from flue gas streams was tested in 

breakthrough experiments with a 10% CO2 in N2 stream. In such applications, gas 

selectivity is an important parameter to study when assessing sorbent viability. The 

selectivity was predicted from the individual pure isotherm of the gases using the 

ideal adsorbed solution theory (IAST).134 Figure 2.20 shows the CO2 and N2 sorption 

isotherms of 4,1-HDPE-600, exhibiting far greater CO2 capacity than N2 capacity. The 

IAST selectivity of CO2 over N2 is 23 at 0.1 bar and 22.5 at 1 bar (a). Consistent with 

the high IAST selectivity at 0.1 bar CO2, a negligible difference in the breakthrough 

times of N2 and the inert tracer (Argon) is observed, combined with a finite 

breakthrough time for CO2 (~65 s) (Figure 2.21b). The high selectively of the sorbent 

may be due to the presence of ultra-micropores.135 In addition, the sorbent 

demonstrates fast sorption kinetics, a key parameter in low pressure CO2 adsorption 

applications since it determines working capacities, hence capture cost, in adsorption 

processes with rapid cycling. Figure 2.22 shows that the sorbent has immediate 

response upon contact with CO2. CO2 is immediately captured in the sorbent pores, 

causing a drop in the overall pressure of the testing cell. Lastly, CO2 breakthrough 

curves were found to be relatively insensitive to the presence of water vapor at a 

partial pressure of 0.026 bar (70% relative humidity), underscoring the potential of 

the sorbent to function effectively under humid conditions (Figure 2.23). 
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Isosteric heat of adsorption (Qst) was calculated using the Clausius-Clapeyron 

equation at 20 °C and 30 °C. The adsorbent has a maximum heat of adsorption of 29 

kJ mol-1 (Figure 2.21c), a typical heat of adsorption obtained from weak 

physisorption. This heat of adsorption is well below those of MOFs and zeolites.136 

The nature of interactions between the adsorbent and the CO2 allows the 

regeneration of the adsorbent by subjecting the adsorbent to vacuum or heating the 

adsorbent to 75 ± 5 °C to release trapped CO2 from the pores (Figure 2.21d). The 

experiment was done at flue gas conditions (10% CO2 in N2) showing CO2 desorption 

at 75 ± 5 °C. At this temperature 80 ± 10% of the binding sites are regenerated upon 

heating. The ability to regenerate the sorbent at a lower temperature reduces the cost 

of CO2 capture, a factor delaying the deployment of many CO2 capture technologies. It 

also cuts the capital expenditures (CAPEX) since polyvinyl chloride vessels are 

sufficient to replace the expensive metal vessels that are normally required.   
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Figure 2.20 Gravimetric CO2 and N2 isotherm of the 4,1-HDPE-600 showing high 
uptake of CO2 compared to N2. 
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Figure 2.21 (a) Calculated IAST selectivity of 4,1-HDPE-600 showing high 
selectivity at low pressure. (b) Breakthrough curve for 4,1-HDPE-600 showing 
the separation of CO2 from flue gas. (c) Isosteric heat of adsorption of 4,1-HDPE-
600. (d) Adsorption isobar showing the change of CO2 uptake at flue gas 
conditions (10% CO2 in N2) and full regeneration at ~75 ± 5 °C of 4,1-HDPE-600. 
Error bars represents the standard deviation of three isobars. 
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Figure 2.22 Volumetric CO2 uptake of 4,1-HDPE-600 against time showing fast 
sorption dynamics. 
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Figure 2.23 (a) Breakthrough curve for 4,1-HDPE-600 at 70% RH compared to 
dry CO2. (b) Breakthrough curve of CO2 and water with and without the sorbent 
in the chamber. (c) quantification of the water adsorbed on the sorbent. 

Figure 2.24 shows a potential design for CO2 capture and regeneration using 

interchangeable sorbent chamber and null heat. Unlike the amine-based CO2 capture, 
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the sorbent can be fully regenerated using near-zero cost null waste industrial heat 

without the need for an added heat source. The CO2 capture is estimated to cost $10 

ton-1 of CO2 over 5 years of operation with the CAPEX being the main cost of the 

overall process. This capture cost is competitive to the cost of CO2 capture via liquid 

monomethylamines that are being used industrially for CO2 capture at a cost of ~$80-

160 ton-1 of CO2.99 This makes CO2 capture cost via this technology closer than ever to 

that of CO2 harvesting from natural reservoirs, making CO2 capture economically 

feasible. In addition, this plastic-derived sorbent technology is expected to have a 

longer lifetime than liquid amines and lead to less downtime due to less corrosion 

and sludge formation102, 137. Assuming the sorbent captures only 5 wt% (1.1 mmol g-

1) CO2 of its weight upon exposure to flue gas, 1 ton of sorbent derived from PW could 

capture ~3,500 tons of CO2 within 5 years of operation at a cost lower than $10 ton-1 

CO2, while removing ~9 tons of PW per ton of sorbent from landfills. A potential design 

for CO2 capture and regeneration utilizing the hot flue gas and interchangeable sorbent 

chambers, in which the CO2 can be captured and regenerated by passing the hot flue gas 

through heat exchangers to regenerate the sorbent fully at zero cost. 
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Figure 2.24 Suggested design for CO2 capture unit, in which CO2 is captured and 
released without the need of an external heating source.  

2.1.6. Conclusion 

PW and the increasing CO2 are two pressing environmental problems. While 

no single method will solve these enormous environmental challenges, using 

negative-value PW to inexpensively capture CO2 would be an attractive synergistic 

approach. We have shown that a small modification on current plastic pyrolysis 

routes can result on tremendous PW upcycling with a great economic incentive. The 

sorbent derived from PW is effective for CO2 capture from flue gas reversibly and 

regenerates via the utilization of null heat. Additionally, our pyrolysis route supports 

circular economy as valuable polymer building blocks are produced along with 

valuable LAO and paraffins. 
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2.1.7. Experimental Method  

2.1.7.1. Preparation of the sorbent 

Plastic powder (8 g) was mixed with KOAc using a mortar and a pestle at the 

specified KOAc:PW weight ratio, in this case 4:1. Then, 2 g the polymer-salt mixture 

was transferred to a ceramic boat and heated in a tube furnace at a rate of 28 °C min-

1 under an argon atmosphere. The temperature was held at 600 °C for 45 min to 

carbonize the plastic and obtain porous carbon. After cooling, 1.1 g sorbent/salt 

product was recovered. The product was washed with DI water, filtered through a 0.2 

µm polyethersulfone (PES) membrane filter, and dried at 120 °C overnight to obtain 

0.05 g of porous carbon. This equates to a 70% recovery of the potassium carbonate, 

calculated by the difference in mass of sorbent before and after washing and 12.5% 

sorbent yield based on the plastic waste before and after carbonization. 

2.1.7.2. CO2 uptake measurements  

Gravimetric CO2 sorption isotherms were collected using a Rubotherm 

DynTHERM sorption analyzer. Calibration of the weight and volume was carried out 

using helium gas from 0 to 50 bar. Volumetric CO2 sorption isotherms were collected 

using a Setaram PCT Pro. Calibration of the volume was done using helium at a 

pressure of 4-5 bar. 
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2.1.7.3. Characterization of the sorbent  

The surface area of the sorbent was measured using a Quantachrom iQ3 BET 

surface analyzer. ESEM images were acquired using a FEI Quanta 400 high resolution 

field emission instrument. XPS analysis was performed using a PHI Quantera SXM 

Scanning X-ray Microprobe. All the survey spectra were recorded in 0.5 eV step size 

with a passing energy of 140 eV. Detailed XPS spectra were acquired in 0.1 eV step 

size with a passing energy of 26 eV. TEM images were obtained on a JEOL 2100F field 

emission gun TEM at a 200 kV accelerating voltage. A Nicolet infrared spectroscope 

was used to acquire the Fourier-transform infrared spectra. TGA curves were 

collected using a Mettler Toledo simultaneous TGA/DSC.  

2.1.7.4. Analysis of the byproducts by GC-MS 

 A Frontier Laboratories thermal vaporization / Multishot Pyrolyzer (EGA/PY-

3030D) system including a model AS-1020E autosampler and a model SS-1010E 

Selective Sampler and MJT-1035E MicroJet Cryo-Trap system were used to pyrolyze 

the sample. The pyrolyzer was connected to an Agilent 7890B GC-FID/5977 MSD 

system and an Agilent 3180B two-way splitter with makeup gas. For the detailed 

characterization of molecular composition, a 60 m, 0.25 mm, 0.25 µm HP-1 column 

was connected between the injector and the splitter. The flow was split 4:1 between 

the FID and the MSD. Approximately 0.5 mg of a 4:1 KOAc:HDPE mixture was 

introduced into the quartz oven at 50 °C and ramped to 600 °C at 28 °C. min-1. The 

evolved gases were trapped with the Frontier MicroJet Cryo-Trap at the head of the 
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column with liquid nitrogen. At the end of the cycle, the sample was removed from 

the heated zone and the pyrolysis oven turned off. The cryotrap was turned off and 

the GC data collection began. The GC was operated at a constant flow of 1.2 mL min-1 

with a temperature program of 40°C for 3 mins; a ramp of 25°C. min-1 to 320°C and 

held at that point for 33 min. The MSD was operated in Scan mode. Identifications of 

the GC-MS peaks were made by careful subtraction of the background and searching 

the MS spectral libraries 

2.1.7.5. Breakthrough experiments 

The sample was pelletized, crushed, and sieved (40-80 mesh). 0.3360 g of 

sample was loaded into a stainless-steel tube with quartz wool as a support. The 

reactor was mounted vertically within a single-zone furnace with a K-type 

thermocouple placed at the top of the adsorbent bed to determine the temperature. 

Under the flow of He (50 mL min-1), the adsorbent was ramped to 120 °C at 0.5 °C 

min-1, held at 120 °C for 12 h, and then cooled to room temperature (26 °C). At t = 0 s, 

the gas stream was switched to a mixture of 10% CO2/N2 at 50 mL min-1 and 1 mL 

min-1 Ar (used as an internal standard). T = 26 °C, total pressure = 115.1 kPa. Water 

was co-fed using a KD Scientific (KDS 100) syringe pump. The time scale on the x-axis 

was corrected for the time required for Ar to reach the mass spectrometer in the 

absence of the adsorbent under the same flow conditions. 
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2.1.8. Contribution  

The idea to use plastics for CO2 capture was conceived by Wala Algozeeb. and 

James Tour. Wala Algozeeb and Paul Savas prepared samples tested CO2 uptake and 

wrote the manuscript. Zhe Wang collected TEM images and XPS. Thomas Malloy 

provided the GC/MS data and analysis. Carter Kittrell helped to design some 

experiments. Praveen Bollini and Jackie Hall. conducted breakthrough experiments 

and wrote that section of the manuscript. Zhe Yaun calculated the IAST selectivity and 

reviewed the manuscript. James Tour supervised all aspects of the research and 

wrote parts of the manuscript.  

2.2. Synthesis of CO2 adsorbent from textile and construction 

waste 

2.2.1. Introduction  

With the continuous consumption of fossil fuels, the atmospheric CO2 

concentration has reached an alarming level of 401 ppm compared to 201 ppm 

preindustrial concentrations.138 To mitigate the serious consequences of this 

increased atmospheric CO2 level, an optimistic target was set in the Paris 

Agreement139 of the 2015 Climate Conference requiring zero net CO2 emissions in 

addition to 30 Gt yr–1 of negative emissions.140 With such highly ambitions carbon 
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capture goals, the development of CO2 capture technologies from different streams 

including direct air capture (DAC) are sought after.  

Current CO2 capture systems suffers many drawbacks including the high cost 

of sorbent synthesis and high cost of regeneration. For example, metal-organic 

frameworks (MOF) have excellent CO2 capacity but suffer from high synthesis cost 

and sensitivity to moisture.121, 141 Liquid amines, on the other hand, which has been 

practiced in industry for decades and is highly selective to CO2, suffer from high 

regeneration costs of the amine.142 To separate and concentrate CO2 from dilute 

stream such as air, highly selective sorbent system is desired while maintaining an 

acceptable regeneration temperature.  

Another environmental challenge is PW pollution. Current PW physical 

recycling, which involves, sorting, detergent washing, melting, and reshaping, is 

heavily practiced on only a few packaging plastics types such as high-density 

polyethylene (HDPE), low-density polyethylene (LDPE) and polypropylene (PP).68, 70 

This approach is not favorable since the properties of the recycled plastic are 

compromised, leading to plastic downcycling. Chemical recycling, on the other hand, 

which involves pyrolysis of plastic, yields gases and oils that are of reasonable value. 

However, the process is high in carbon footprint and produces ~20% of ash that has 

no significant application. Similar to physical recycling, chemical recycling is 

practiced mostly on packaging plastics, including HDPE, PP, LDPE, and polystyrene 

(PS).73, 143, 144 Although these plastics make up a large percentage of PW steams, there 
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are other plastic types that are rarely recycled due to the lack of suitable technology 

to handle them, such as PW from the textile and construction industries.145-148 

Examples of the plastic generated from these industries includes nylons, 

polyurethane (PU), polyamic acid (PAA), Jeffamine (JA), acrylonitrile butadiene 

styrene (ABS), melamine resin (MR), and polyacrylonitrile (PAN). The amount of PW 

generated from the construction and textile industry combined is equivalent to that 

of plastic packaging.76 Therefore, better technologies for PW handling from textile 

and construction industries are sought since most recycling technologies fail to 

accommodate PW produced from these industries.  

Solid sorbents are promising for CO2 capture due to the ease of handling and 

regeneration compared to the more common liquid amine routes. Of all reported solid 

sorbents, porous carbon offers the most resilient structure while maintaining 

affordability.109, 125, 149 This work discloses a modification of the traditional pyrolysis 

process to upcycle plastic waste to a high value porous sorbent suitable for CO2 

capture. We show the utility of this technology to handle PW from construction and 

textile industry to produce N-containing polymers with tunable properties. Given the 

simplicity and affordability of this technology, CO2 capture may be accessible across 

a wide range of industries. 
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2.2.2. Synthesis and characterization of N-doped sorbent from construction 

and textile waste product  

Chemical structures, acronyms and application of the 8 studied polymers are 

shown in Figure 2.25a. The selected polymers are widely used in the construction and 

textile industries. These polymers are produced in large quantities and are not 

commonly physically or chemically recycled. Figure 2.25b shows the worldwide 

annual consumption of the selected polymers, summing up to a total of 36 million 

tons. Here we used the N-containing polymers to synthesize N-doped sorbent in a 

one-step activation process. Synthesis conditions were optimized showing a KOAc: 

polymer weight ratio of 4:1 and synthesis temperature of 600 °C to yield the best 

sorbent. The same optimal synthesis conditions are used to prepare the sorbent from 

eight different N-containing polymers. The PW is shredded into fine powder then 

mixed with KOAc at 4:1 KOAc:polymer then pyrolyzed in an argon (Ar) atmosphere 

at 600 °C. Once cooled, the sorbent is washed to remove residual K2CO3 salt to get the 

final sorbent. Figure 2.25c-f shows pictures of the textile waste (TW) made of lace, 

100% nylon, processing using the method described in this work.  

When PW is pyrolyzed in the presence of KOAc, K2CO3 and acetone are 

produced as byproducts, both of which can be sold for industrial applications. The 

overall cost to process 1 ton of PW via this pyrolysis process is estimated to be 

$270/ton PW (Table 2.7). A low synthesis cost of the sorbent inherently reduces the 

cost of CO2 capture, which has hindered many carbon capture initiatives.103, 150 
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Figure 2.25 (a) Chemical structure and application of the studied N-containing 
polymers. (b) Worldwide consumption of the selected polymers. *PAA 
consumption was based on polyimide comsumption since PAA is the precursor 
of polyaimde. (b) Picture of TW (lace) before cutting, (c) after shredding and 
(d) mixing with KOAc. (e) Picture of the final sorbent after pyrolysis and 
washing. 

      

Material 
category 

Chemical 
produced/ 
consumed 

Unit Units/ton 
sorbent1 Cost/unit Cost/ton ($) 

Raw Material Plastic Waste ton 5.7 0 0 

Raw Material Potassium 
Acetate ton 22.9 10002 22900 

Byproduct Potassium 
Carbonate ton 16.03 -1000 -16030 

Byproduct Acetone ton 6.87 -800 -5496 

Total cost of 
Raw Materials     1374 

Operating 
Costs Natural Gas MMBtu 21 4.913 103.11 

Operating 
Costs 

Water 
(deionized) L 1000 0.1 0.1 

Operating 
Costs Electricity kWh 350 0.06 21 
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Table 2.7 Cash cost for sorbent (1 ton) synthesis. 

Thermal gravimetric analysis (TGA) of the selected polymers is shown in 

Figure 2.26a. The various polymers decompose between 400-600 °C. This ensures full 

carbonization of precursors upon sorbent synthesis at 600 °C. X-ray diffraction (XRD) 

patterns of the produced sorbent show an amorphous carbon structure, where the 

peaks are broad (Figure 2.26b). Surface area and pore volume of the sorbent were 

calculated from the N2 sorption isotherm at 77 K. The collected isotherms are shown 

in Figure 2.26c with type 1 isotherm, indicating microporosity. The surface area of 

the synthesized sorbent is between 900 m2/g and 1400 m2/g. Pore size distribution 

of the sorbent shows a high percentage of microporosity with high pore distribution 

at 0.75 nm, 1.1 nm, and 1.4 nm for nylons, ABS, JA, PAN, and PU as shown in Figure 

2.26d. PAA and MR does not show the 0.75 nm pore distribution but has the 1.1 nm 

and 1.4 nm pores distribution. Up to 90% of the surface area originates from pores 

≤2 nm in width (micropores) across all polymers. X-photon spectroscopy (XPS) was 

used to analyze the elemental composition of the sorbent. Figure 2.26e shows the N-

content along with the nitrogen type for each of the synthesized sorbents. Pyrrolic 

and aminic N makeup the largest fraction of the N content, followed by the pyridinic, 

graphitic and N-oxide, respectively. Graphitizing polymers, which have the tendency 

to from graphite when heated up to 3000 °C,151 are found to retain higher percentage 

of N compared to non-graphitizing polymers. This is observed with PAN152 and MR,153 

which are  graphitizing polymers, that had N content between 8-9.5% N, while non-
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graphitizing polymers had N content between 1.5-2% as shown in Figure 2.26e.  

Scanning electron microscopy (SEM) images reveal the highly porous morphology of 

the sorbent (Figure 2.27a, b). Transmission electron microscopy (TEM) confirms the 

amorphous structure of the sorbent. The presence of the micropores is observed in 

the TEM images all over the sorbent surface (Figure 2.27c, d). Due to the relatively 

low temperature of activation at 600 °C, no signs of graphitization are observed in the 

TEM, even when considering the graphitzing polymer types. This is confirmed by XRD 

analysis Figure 2.26b where no graphitization is observed. 
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Figure 2.26 (a) TGA of the 8 selected polymers. Polyamic acid, as received, 
comes dissolved in N-methyl-2-pyrrolidone, which evaporates at 200 °C. (b) 
XRD of the 8 sorbents showing the amorphous carbon profile. (c) Overlayed N2 
adsorption isotherm of the 8 sorbents showing type I isotherms for all samples. 
(d) DFT pore size distribution of the 8 sorbents. (e) High resolution Ns1 XPS 
data from the 8 sorbents, comparing the amount of atomic nitrogen and their 
bonding types.  

 

Figure 2.27 (a) and (b) SEM images of nylon 6,12-derived sorbent showing 
highly porous morphology.  (c) and (d) TEM images of nylon 6,12 derived 
sorbent showing micropores throughout the sorbent surface. 
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2.2.3. CO2 capacity of the sorbents 

The CO2 capacity of the sorbent was studied volumetrically in from ~0 to 1 bar 

(Figure 2.9). Sorbent made from nylon 6,6 had the highest CO2 capacity of 5% and 

19% at 0.1 and 1 bar, respectively, as shown in Figure 2.28a and Figure 2.29. The high 

uptake is attributed to the micropore surface area of the nylon 6,6 derived sorbents 

(Figure 2.26b). Figure 2.28b shows the correlation between the microporosity of the 

sorbent and uptake: high micropore surface area leads to high uptake. Based on this 

data, we concluded that the uptake of the sorbent is dictated by the tendency of the 

polymer to form micropores. Specifically, sorbent with low pore populations at 0.75 

nm showed lower uptake at 0.1 bar as shown in sorbents derived from PAA and MR 

(Figure 2.26d and Figure 2.28b).  Higher nitrogen content was found not to result an 

increase in the uptake. For example, the PAN and MR derived sorbent both show 

~10% N (one of the highest concentrations of N among the 8 sorbent) but shows low 

uptake at 0.1 bar, as shown in Figure 2.30. 

The nature of interactions between the CO2 and sorbent was studied in the 

nylon-derived sorbent via an in situ FTIR cell (Figure 2.31). For gas phase CO2, the R 

and P branches have the same area, indicating that molecules are freely vibrating and 

stretching. Once the sorbent is introduced and the binding sites in the pores were 

filled with CO2, the P-branch area becomes larger than that of the R-branch in area, 

indicating some loss in rotation freedom due to weak physical interaction of CO2 with 

the surface of the sorbent as shown in Figure 2.28c. This result demonstrates that at 
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low pressure, physical adsorption dominates over chemisorptive interactions 

between the gas phase CO2 and nitrogen in the adsorbent. Quantification of adsorbed 

CO2 compared to gas phase CO2 is shown in Figure 2.32.154  

 

Figure 2.28 (a) CO2 capacity at 0.1 bar and 1.0 bar of sorbents derived from 
different polymers. polymers with the * were measured gravimtertrically, 
while other sorbents uptakes were measured volumetrically. (b) Correlation 
between the CO2 uptake  at 0.1 bar and micropores surface area. (c) IR analyses 
of CO2 before and after binding to sorbent.  
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Figure 2.29 Volumetric CO2 uptake of the 8 sorbents. 

 

Figure 2.30 Correlation between N content in the PW derived sorbent and 
uptake. 
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Figure 2.31 Design of the in-house built IR cell. Adapted from reference.109 

 

Figure 2.32 P-R Branch Areas over time. A linear trend was found when the R 
branch was subtracted from the P branch. This decreasing proportion of R 
branch contribution indicates more contribution from adsorbed CO2 to the P 
branch.  
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2.2.4. CO2 separation from different streams 

The ease of sorbent regeneration is an important parameter studied to assess 

the practicality of cycling the sorbent. While the sorbent can release the captured CO2 

via both temperature and pressure swing, temperature-swing systems are easier to 

achieve at the large scale since pressure-swing systems are costly to operate. A low 

regeneration temperature makes it easy and affordable to release the captured CO2, 

which reduces the overall cost of CO2 capture.142 Figure 2.33 shows that the CO2 isobar 

of nylon 6,12 derived sorbent with a regeneration temperature of 110 °C. At this 

regeneration temperature, ≤1.5% of the adsorbed CO2 remains adsorbed on the 

sorbent surface. Therefore, at room temperature, the CO2 is captured from the gas 

phase onto the sorbent surface. Once heated, the sorbent releases the CO2 into the gas 

phase (Figure 2.34a).  
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Figure 2.33 CO2 isobar of nylon 6,12 derived sorbent showing near full 
regeneration at ~110 °C. 

To determine the sorbent effectiveness at adsorbing CO2 from a flowing 

stream, breakthrough curves of the nylon-derived sorbent were studied at different 

CO2 concentrations. Figure 2.34b shows the breakthrough curve under 10% CO2 in 

N2, a typical composition of flue gas. The breakthrough curve of the nylon 6,12 

sorbent shows that nitrogen elutes at a similar time as argon, indicating that it is not 

absorbed by the sorbent and establishing the high selectivity of CO2 over nitrogen. 

The breakthrough experiment showed that the sorbent can capture 4.2 wt% CO2 

when exposed to flue gas. This is close to the reported capacity of the sorbent at 0.1 

bar (5%) indicating the effectiveness of the sorbent to selectively capture CO2 from a 

flowing steam. The same CO2 separation process was applied to the sorbent at much 

lower CO2 concentration of 0.04% CO2 in N2, the current concentration of CO2 in air.  

The breakthrough curve (Figure 2.34d) shows that the sorbent is capable of CO2 

separation from N2 under direct air capture (DAC) conditions with a capacity of ~0.05 

wt%. 

 A DAC case study was conducted based on the capture capacity of current 

operating DAC pants such as Climworks. To operate a DAC plant at a capacity of 4kt 

CO2 yr-1, 0.2 kt of sorbent is required (Figure 2.34d).  The CO2 capture efficiency was 

calculated using the life-cycle-assessment method putting into consideration the 

carbon footprint of building the DAC plant, sorbent synthesis and regeneration 
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(Figure 2.34e).155  With DAC, there are unavoidable carbon burns accompanies by the 

DAC operation, which include sorbent synthesis and plant construction. The CO2 

capture efficiency was found to be 70% when waste heat is utilized to regenerate the 

sorbent and drops to 40% when wind power is used to regenerate the sorbent. This 

finding agrees with other reported studies suggesting that the regeneration of the 

sorbent makes the most carbon burden on the DAC process. This means that DAC 

plants must be built near industrial plants to utilize the waste heat and achieve the 

highest negative carbon footprint.  
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Figure 2.34 (a) Illustration of the selective CO2 adsorption and desorption at 
110 °C at the sorbent surface. (b) Breakthrough curve of nylon 6,12 sorbent at 
flue gas composition (c) Breakthrough curve of nylon 6,12 sorbent at DAC 
conditions. (d) Illustration of a DAC using nylon 6,12. (e) CO2 footprint of the 
different elements of DAC.  
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2.2.5. Conclusion 

PW from the textile and construction industries can be economically upcycled 

to produce porous carbons with varying degrees of microporosities and CO2 

capacities. With slight modifications over a conventional PW pyrolysis approach, 

highly selective CO2 sorbent can be economically synthesized, enabling CO2 capture 

at a low price point from streams with low CO2 concentrations, including DAC.  

2.2.6. Experimental Methods 

2.2.6.1. Preparation of the sorbent   

plastic was cooled in liquid nitrogen then was hammer milled to make a fine 

plastic powder. Liquid nitrogen made the plastic more brittle, allowing the material 

to be ground more easily. After that, the PW powder was mixed with KOAc. Then, 2 g 

of the PW powder was transferred to a ceramic boat and heated in a tube furnace at 

a rate of 30 °C/min under Ar atmosphere. The temperature was held at 600 °C for 40 

min to carbonize the plastic and obtain porous carbon. After cooling, 1.5 g of 

sorbent/salt product is recovered. The product was washed with DI water to obtain 

0.07 g of porous carbon after drying at 130 °C overnight.  This equates to 17.5% yield 

based on the mass of the initial polymer and the mass of the final carbon sorbent. 
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2.2.6.2. Characterization of the sorbent 

 The surface area of the adsorbent was measured using a Quantachrom iQ3 

BET surface analyzer. SEM images were acquired using a FEI Quanta 400 high 

resolution field emission instrument. XPS analysis was performed using a PHI 

Quantera SXM Scanning X-ray Microprobe. All the survey spectra were recorded in 

0.5 eV step size with a pass energy of 140 eV. A Nicolet infrared spectroscope was 

used to acquire the Fourier-transform infrared spectra. TGA curves were collected 

using a Mettler Toledo simultaneous TGA/DSC-MS.  

2.2.6.3. Breakthrough experiments 

The sample was pelletized, crushed, and sieved (40-80 mesh). 0.3360 g of 

sample was loaded into a stainless-steel tube with quartz wool as a support. The 

reactor was mounted vertically within a single-zone furnace with a K-type 

thermocouple placed at the top of the adsorbent bed to determine the temperature. 

Under the flow of He (50 mL min-1), the adsorbent was ramped to 120 °C at 0.5 °C 

min-1, held at 120 °C for 12 h, and then cooled to room temperature (26 °C). At t = 0 s, 

the gas stream was switched to a mixture of 10% CO2/N2 at 50 mL min-1 and 1 mL 

min-1 Ar (used as an internal standard). T = 26 °C, total pressure = 115.1 kPa. Water 

was co-fed using a KD Scientific (KDS 100) syringe pump. The time scale on the x-axis 

was corrected for the time required for Ar to reach the mass spectrometer in the 

absence of the adsorbent under the same flow conditions. 
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2.2.7. Contribution  

The idea to use plastics for CO2 capture was conceived by Wala Algozeeb and 

James Tour. Wala Algozeeb and Paul Savas prepared samples tested CO2 uptake and 

wrote the manuscript. Zhe Wang collected TEM images and XPS. Carter Kittrell helped 

to design some experiments. Praveen Bollini and Jackie Hall conducted breakthrough 

experiments and wrote that section of the manuscript. James Tour supervised all 

aspects of the research and wrote parts of the manuscript. Zhe Yuan calculated the 

IAST selectivity.  
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